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Abstract
This thesis presents a thorough analysis of the ring resonator, and studies the use of 
the ring at millimetre-wave frequencies (above 30GHz). An equivalent circuit for the 
ring is derived which is useful for extracting data from measured circuits, and accounts 
for different loss mechanisms and loading effects of the feed circuit. New analysis is 
presented on the effects of curvature, which is shown to influence the resonant frequen­
cies and cause radiation which increases the loss in the ring. As well as considering 
microstrip transmission line, circuits using stripline, slotline and coplanar strips were 
also fabricated and analysed. At millimetre-wave frequencies, fabrication accuracy is 
critical, and it is shown how non-uniformities on the ring affect the frequency response.
As one of the main uses for the ring resonator is for measurement of transmission line 
dispersion, a full-wave mode solver has been created and implemented in Matlab which 
can robustly predict the dispersion characteristics of planar lines. This software is used 
to model some of the ring resonators that are deliberately operated at frequencies close 
to or above higher order mode cut off, which cannot be modelled with conventional 
simulation packages.
Techniques developed in this thesis have been used to significantly extend the state 
of the art for the ring resonator, and this work presents the highest reported oper­
ating frequency for a microwave ring resonator. Circuits have been fabricated using 
a variety of techniques and materials, and practical measurements have been carried 
out at frequencies up to 220GHz - twice that previously reported, and giving excellent 
agreement with the computer predicted characteristics from the theoretical model.
K ey words:
Ring resonator, millimetre-wave circuits, transmission-line analysis, spectral do­
main approach, planar-antennas, microwave resonators.
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Chapter 1
Introduction
1.1 Context
The ring resonator was first proposed and demonstrated by Troughton in 1969 [1], 
and since then has been used extensively for a number of different microwave and 
millimetre-wave applications. These include:
1. A tool for transmission line dispersion analysis
2. A printed structure for analysing materials
3. An antenna element
4. A circuit element
The ring resonator is a simple structure, formed by fashioning a length of trans­
mission line into a closed loop. When the ring is excited by microwave radiation, some 
of the energy couples into the ring where it is guided around the ring. At certain 
frequencies, these signals can constructively interfere, and a standing wave pattern is 
set up. It is straight-forward to see that this resonance condition occurs when the ring 
is an integer number of wavelengths long.
If the dimensions of the ring are accurately known, then it is possible to measure the 
wave propagation velocity by measuring the resonant frequencies. This is the principle 
behind using the ring for dispersion analysis, and it allows studies to be made on how 
the wave velocity varies with frequency. If the dispersion properties of the line are 
well known, then information about the materials used for the ring construction can 
be obtained by observing how the wave velocity is reduced from the speed of light in 
a vacuum.
Because the ring is a curved structure (or made of straight sections at various 
angles), the electrons in the transmission line are continuously being accelerated. A 
fundamental theory in physics states that accelerating a charged particle will result in
1
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radiation[2]. If the transmission line structure is open, then this radiation will escape 
from the ring and an antenna circuit is formed. By adjusting the dimensions of the ring 
appropriately, it is possible to make quite efficient and compact antenna structures.
When the ring is an integer number of wavelengths long, significant amounts of 
energy can be trapped inside the ring, which results in a resonator circuit. Ring 
resonators have been used as frequency stabilisation elements in oscillators, and can also 
be used in phase detectors and demodulators where their sharp frequency response can 
be used to convert frequency changes into amplitude changes. More recently, the ring 
resonator has been used as the fundamental energy storage device in meta-materials 
where the strong dispersive behaviour between two tightly coupled rings at resonance 
can be used to simulate a non-physical component.
In this work, the applications of the ring resonator for dispersion and materials 
analysis of printed circuit board (PCB) structures are considered. One of the key ad­
vantages of the ring structure is its simple shape, especially when a circular ring is 
considered. This has the advantage that the behaviour of the ring can be mathemati­
cally modelled, without making significant simplifying assumptions. This is important 
for dispersion and materials measurements, as it allows a robust link between the 
measured data, and extraction of information from this data.
1.2 Significance of this work
Knowledge of the electrical behaviour of materials and structures at microwave and 
millimetre-wave frequencies is essential for robust circuit design at these frequencies, 
yet this information is often difficult to obtain, unreliable or simply absent. The di­
electric constant is the most important electrical property of a dielectric material, and 
information about material losses is also of vital importance.
There is a relevant technical standard published by Association Connecting Elec­
tronics Industries (IPC) which describes a test method for measuring the permittivity 
and loss tangent of a printed circuit board material using a stripline resonator, but 
this standard is only defined up to 14GHz[3]. There are a plethora of microwave and 
millimetre-wave applications at frequencies considerably in excess of 14GHz, so a lack 
of a standardised method of measuring materials causes problems. The ring resonator 
offers one possibility for measuring materials at higher frequencies, and the current 
work has considered the use of the ring resonator up to 220GHz.
As well as offering practical and accurate information about material performance at 
higher frequencies, the ring resonator can also be used to study some of the fundamental 
properties of transmission lines. This is useful at higher frequencies where computer 
modelling of physical systems cannot take account of real-world deficiencies. Physical 
parameters such as conductor roughness and thickness have proven difficult to model.
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but have non-negligible effects, so use must be made of measurements on representative 
circuits.
The ring resonator is a simple structure made of transmission line - which is the 
most fundamental high frequency electrical component. Characterisation of a ring will 
therefore yield information on the line performance. Because the ring resonator is 
fabricated by a standard printed circuit process (the exact nature of which can vary), 
it accurately reffects how a “real” circuit performs and will include information about 
the fabrication process as a whole, and not just consider components in isolation.
1.3 Outline of this thesis
Despite the ring being a simple structure, it does require detailed analysis to extract 
data with high accuracy. In view of the ring resonator being used to study transmission 
line dispersion and for analysing materials performance, the current work has studied 
some of the fundamental underlying principles of transmission lines and considers sev­
eral non-ideal effects.
The work logically progresses from a simple analysis of the ring, and builds up the 
complexity of the analysis by considering and removing a number of assumptions and 
discussing outstanding limitations on the analysis. The work has included analysis 
of a large number of practical ring resonators, which have significantly extended the 
existing state of the art.
This work has included three conference presentations[4] [5] [6], one journal publication[7] 
and an Electronics Letter[8]. These publications (one of which won the “Best Student 
Paper” award at an IMAPS conference[4]) demonstrate the significance of this work.
The culmination of this work is the presentation of a new type of ring resonator 
structure which not only operates at frequencies twice that previously reported, but also 
validates a new software model developed by predicting the dispersion characteristics 
of a transmission line to 1% accuracy at 220GHz.
Chapter 2 examines previous work carried out on the ring resonator, with the aim 
of finding some of the limitations of the existing work. At the end of this chapter, a 
number of topics are presented which it was felt were worthy of further study, and are 
addressed in the remainder of this thesis.
Chapter 3 provides background information on some of the issues relevant to the 
ring resonator. In particular, an equivalent circuit is derived which is shown to be 
useful in subsequent chapters for extracting data from practical measurements.
Chapter 4 describes the fabrication processes used in producing the ring resonators 
in this work. Two main techniques were used, namely thick-film printing and litho­
graphic etching. A summary of the achievable resolution is presented.
Chapter 5 presents a series of practical experiments used to verify the equivalent
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circuit model. These include a study made on a new type of polymer material, and 
measured data is given up to 150GHz.
Chapter 6 shows how the maximum operating frequency of the ring resonator can 
be extended by use of miniaturised circuits. It is shown that coupling between the ring 
and test instrumentation is difficult and a new direct coupling technique is shown that 
overcomes this limitation. Circuits are also presented using stripline which offers the 
advantage that it does not suffer from dispersion.
Chapters 7 and 8 describe some of the non-ideal effects that can occur in the ring res­
onator. The curvature of the ring is shown to produce a shift in the resonant frequency 
as well as additional loss through radiation. A new theoretical model is presented, 
and is validated experimentally. It is demonstrated that imperfections in fabricating 
the ring can cause the resonances to split which causes measurement difficulties. A 
theoretical model is developed which can accurately predict this splitting and shows 
how steps can be taken to minimise the effect.
Chapter 9 gives a description of a full-wave mathematical model which can be 
used to accurately predict the effects of transmission line dispersion. This chapter 
analyses rings made using slotline and coplanar strip waveguide over an extremely 
broad bandwidth of 2-220CHz. The model is implemented in Matlab and verified 
through measurement of very high quality stripline and coplanar strip ring resonators.
Chapter 10 gives a critical overview of some of the outstanding issues that affect the 
accuracy of the ring resonator when used for dispersion measurements and material 
studies. It is shown that although the ring can be used to accurately measure the 
transmission line loss, it is not possible to accurately split this loss into its components.
Finally, chapter 11 presents the conclusions of this work, showing how well it met the 
objective of extending the ring resonator technique to significantly higher frequencies 
than has previously been studied. Directions for future work are also given.
Chapter 2 
Background R eview
2.1 Introduction
Transmission lines and waveguide structures are fundamental components of any mi­
crowave or millimetre wave circuit, and exist as a means of transferring power from 
one point to another. A good understanding of the behaviour and performance of 
transmission lines is therefore essential for successfully designing high frequency cir­
cuits, and a vast number of techniques have been devised for analysing these lines, 
both experimentally and theoretically. Initial studies showed that the ring resonator is 
a very popular test structure that has been employed from low microwave frequencies, 
right up through the electromagnetic spectrum to optical frequencies. It is straightfor­
ward to find many examples of their use in text books, journal papers and conference 
proceedings.
This study initially concentrated on the microstrip ring resonator technique, which 
has been used at frequencies within the range 1-lOOGHz. The microstrip ring resonator 
has found three main uses:
1. As a resonator with several well defined resonant frequencies for the purposes of 
measuring microstrip properties
2. As a narrowband antenna, possibly operating at a higher mode where the band­
width is wider and somewhat more useful
3. As an element in a filter, either as a simple resonator, or by modifying the sym­
metry of the ring to introduce extra closely spaced resonances
This work concentrates on the ring resonator technique as a method of measuring 
transmission line properties, which can be used to infer information about the materials. 
The radiation behaviour is also found to be important, as this has implications on the 
loss in a ring resonator.
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For measurement applications, an annular ring is constructed into which microwaves 
are injected. When the ring is an integer number of wavelengths long, a standing wave 
pattern is set up, and the ring displays resonant characteristics. If the dimensions of the 
ring are accurately known, then the wave propagation velocity can be calculated. This 
velocity may vary as a function of frequency due to the behaviour of the transmission 
line (dispersion) or due to changes in the material. The microstrip ring resonator has 
been used extensively in the study of microstrip dispersion due to the ease of measuring 
the effective dielectric constant.
This chapter will present some of the previous work carried out on the ring resonator 
which is relevant to the new work of this thesis.
2.2 The microstrip ring resonator for dispersion mea­
surement
The microstrip ring resonator was first presented by Troughton in 1969 [1] who de­
scribed the new technique and plotted graphs of the effective dielectric constant of 
various microstrip lines on alumina. He commented on the good repeatability of the 
measurements, however due to the limited knowledge of microstrip dispersion in 1969, 
it was not possible to relate the effective dielectric constant to the material dielectric 
constant except at very low frequencies.
In 1971, Wolff and Knoppik [9] revisited the ring resonator and considered the 
effects of the width of the microstrip on the ring. They devised an electromagnetic 
model of the resonator which was able to account for the width of the microstrip track 
on the resonant frequency. They concluded that narrow tracks suffered less from the 
effects of dispersion, but they were still unable to account for dispersion. Critically, 
they discovered that for a given track width, the resonant frequency depended on the 
radius of the ring above and beyond that expected from the total track length alone, 
and thus concluded that the curvature of the ring affected the resonant frequencies. 
Wu and Rosenbaum [10] published a very widely cited chart showing the existence of 
higher order modes that could exist across the width of the resonator. They used an 
empirical correction in the width of the ring which, when substituted into the electro­
magnetic equations of Wolff and Knoppik [9], attempted to account for the microstrip 
fringing fields. In 1975, Kompa and Mehran [11] introduced the planar waveguide 
model for microstrip. They proposed substituting a parallel plate waveguide for an 
open microstrip line. This waveguide had electric walls at the top and bottom, and 
magnetic side walls. This simplified model made calculation of microstrip behaviour 
easier. Their waveguide had the same height and characteristic impedance as the mi­
crostrip and was uniformly filled with a dielectric with a dielectric constant equal to
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that required to make the velocity of propagation the same on the two different guides. 
They noted that at higher frequencies the electric field in a microstrip was increasingly 
concentrated in the dielectric, therefore the width of the equivalent planar waveguide 
is frequency dependent and decreases, approaching the width of the microstrip at high 
frequencies. In 1976 Owens [12] incorporated this planar waveguide model of microstrip 
into the ring resonator and was able to reduce the curvature effects. After Owens, no 
further attempt to improve the accuracy of the resonant ring technique based on mi­
crostrip theory seems to have occurred. However, Owens provided a link between the 
ring resonator and microstrip theory, so advances in microstrip design could be used to 
enhance ring resonator measurements. Eventually, analytic expressions for calculating 
the effective dielectric constant due to dispersion effects were introduced, and accurate 
expressions for the effective dielectric constant based oh the geometrical details of the 
microstrip line were created [13].
The most recent design equations for microstrip seem to be those of Hammerstad 
and Jensen [14] These are widely cited in current text books, and claim very good accu­
racy. They first present an equation for calculating the impedance of a microstrip line 
in a homogeneous medium. This expression is stated to have an accuracy better than
0.03% for all practical strip dimensions. A correction factor for the microstrip width 
is given to account for conductors of non-zero thickness. The accuracy and validity of 
these corrections is not stated. An expression was then given for calculating the static 
effective dielectric constant for a non homogenous (i.e. practical) microstrip based upon 
the dimensions and dielectric constant. The static impedance of the microstrip line can 
then be calculated by reducing the impedance of the homogenous line by the square 
root of the effective dielectric constant. Many models for accounting for the frequency 
dependence of the effective dielectric constant exist. This frequency dependence causes 
the dispersive behaviour of the microstrip. The most recent and widely cited models 
for microstrip dispersion are by Kobayashi [15] and Kirschning and Jansen [13]. Both 
of these works present complicated curve fitted expressions, and Kobayashi states that 
the equations are not physically well understood, but that accurate predictions of the 
effective dielectric constant result. Both of these methods seem to give predictions for 
the effective dielectric constant of microstrip to within 1-2%.
An important observation can be made regarding the effective dielectric constant, 
6eff. The dispersive equations allow the velocity of propagation, Vp and the guide 
wavelength, Xg on the line at a frequency, / ,  to be derived from
^p(/) — /-—  (2.1a)
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Because the propagation in microstrip is not pure TEM, and there are small trans­
verse components of the surface current density, and hence longitudinal variations in 
the magnetic field, the exact characteristic impedance is not well defined. Kirschning 
[16] gave a very lengthy procedure for calculating ^o(/) which involved 17 curve fitted 
coefficients, although a simpler expression is given by Hammerstad and Jensen [14].
Although the characteristic impedance of the microstrip affects the effective width of 
the ring resonator via the planar waveguide model, the ring resonant frequency is not 
very sensitive to the width, so the primary factors which affect the resonant frequencies 
are the effective dielectric constant and the physical length of the ring. Development 
of more accurate expressions for microstrip properties appear to have stopped, as the 
closed form expressions claim to offer accuracies better than 1% [14] [15] [13] which 
appear accurate enough for most practical situations. Computer based electromagnetic 
solutions would be required for more accurate predictions, and given the widespread 
use of such systems, it appears not to be thought necessary to create vastly complex 
closed form expressions for estimating microstrip parameters which would require a 
computer to evaluate anyway.
2.3 The ring resonator as an antenna
When the ring resonator is used for materials analysis, it is necessary to account for 
all loss mechanisms, which include radiation losses. Because it is known that ring 
structures can form antennas (which lose energy through radiation), a parallel study 
into the use of annular ring structures for making microstrip antennas will be presented.
Basic electromagnetic theory[17] predicts that accelerating a charge will result in 
radiation. Therefore it logically follows that any alternating current flowing around a 
curve will radiate. The microstrip disc has been used as a radiating antenna element 
for many years, and in 1980 Bahl, Stuchly and Stuchly [18] developed an annular ring 
antenna for medical applications. This antenna used the patient’s body as a dielectric 
cover for a microstrip antenna and radiated at 2.5GHz. The presence of tissue with dif­
ferent dielectric properties allowed various different modes in the antenna to be excited. 
Wood [19] also considered curved microstrip lines as antennas and devised analytical 
techniques for their analysis. He proposed using surface magnetic current sources flow­
ing on either side of the microstrip at a width given by the planar waveguide equivalent 
width. Various authors [20] [21] [22] have analysed the annular ring, especially in terms 
of higher (radial) modes, where they become quite effective antennas. Bhattacharyya
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and Garg [23] also analysed the antenna, but using an interesting equivalent circuit 
model employing lossy transmission lines. Perhaps the most useful work is that of 
Bahl and Stuchly [24] which summarised the work done on the microstrip annular ring 
antenna, and gave expressions for the far field electric field components. Most impor­
tantly, they demonstrate that theoretical antenna radiation efficiencies in excess of 80% 
can be achieved by microstrip ring antennas.
Analysis of the ring resonator is complicated using the electromagnetic models, 
but may suffer from reduced accuracy using the transmission line model. Various 
authors have attempted to produce equivalent circuits for the ring when operating 
near to resonance. The equivalent circuit can also be used to examine the behaviour 
of the coupling gap, which even Troughton [1] was aware would influence the ring 
behaviour. Yu and Chang [25] modelled the ring as a transmission line and modelled 
the ring and coupling gap as a capacitor network, with the ring capacitance being 
frequency dependent. This work built upon several studies of the equivalent circuit of 
the gap between two microstrip lines [26]. Hsieh and Chang [27] improved this circuit to 
consider the ring alone, and modelled it as a simple LCR circuit, although their circuit 
was only valid for a particular resonance, and they only presented data for the first 
resonant frequency. Again, the use of the microstrip research allows expressions for the 
loss due to both dielectric and conductor loss to be considered in the equivalent circuit. 
James and Hall [28] and Carg et al. [29] also presented an equivalent circuit for the 
ring antenna with electromagnetic analysis. Edwards and Steer [30] describe the ring 
resonator in their textbook and cite the key advantage of the ring resonator as being 
almost free of radiation loss. In addition, authors using the ring resonator to calculate 
the dielectric loss frequently neglected radiation. However, as the references show, the 
microstrip annular ring circuit can form an antenna, therefore a ring resonator should 
exhibit radiation loss (at least under certain circumstances), which would seriously 
affect loss measurements. This apparent disparity in the literature has been addressed 
by the author, and was the subject of a conference presentation [4].
2.4 The ring resonator for materials evaluation
A recent example of authors using the microstrip ring resonator is [31]. These authors 
use a microstrip transmission line analysis to determine the resonance frequencies of 
a microstrip line fabricated using a thick film microstrip process, however only quasi­
static microstrip design equations were used, and no mention was made of the effects of 
dispersion. Their resonator was built on an alumina substrate and used dielectric paste 
to make a thick film microstrip. Results were presented between 15CHz and llOCHz. 
In order to determine the thick film dielectric paste loss tangent, they considered losses 
due to the conductor surface roughness and dielectric heating as well as radiation and
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measured the Q factor of each resonance. An electromagnetic simulator was used to 
work out the loss excluding dielectric loss, then the supposed dielectric loss was deduced 
by subtracting the calculated loss from the measured loss. A similar approach was taken 
by Thompson et a/. [32] on a liquid crystal polymer substrate. These authors noted 
that the effects of dispersion could be reduced by using higher impedance (narrower) 
lines, but still did not mention any corrections for its effect. They conceded that 
using the ring resonator was difficult for measuring the loss tangent of the material 
due to the lack of accurate expressions for calculating conductor losses at millimetre 
wave frequencies. Radiation was only considered superficially, and only the coupling 
gaps were assumed to radiate. Heinola et al [33] have also considered the use of a ring 
resonator to accurately characterise a FR4 substrate at frequencies below lOGHz. They 
took great care to isolate mechanical and environmental influences in the substrate, and 
controlled the temperature and humidity. However, they stated without justification 
that radiation losses were minor, and only considered dielectric and conductor losses 
and their effect on the measured Q factor.
The ring resonator has also been used to characterise integrated circuit substrates. 
Chen et a/.[34] described resonators built using a thin film process on a silicon VLSI IC. 
Their work used a tightly coupled microstrip ring, and presented an equivalent circuit. 
The paper showed a low Q resonance at 28GHz indicating that the silicon substrate 
was conductive, and resulted in poor RF performance. The paper also described a 
GPW resonator, which achieved similar results. Finlay, Jansen, Jenkins and Eddison 
[35] used a capacitively coupled ring resonator on GaAs in order to measure the ef­
fective dielectric constant and characterise line loss for different methods of printing 
conductors and passivation layers on a GaAs MMIC process. They estimated that the 
uncertainties in the measurement of the effective dielectric constant were less than 1% 
over a frequency range of 2GHz-24GHz.
2.5 The ring resonator as a filter
Many examples of microstrip rings being used as resonators in filters exist. Their 
compact size and lack of end effects can make them superior to straight resonators, 
and they can offer low radiation and high Q performance. Chang [36] and Navarro and 
Chang [37] have experimented with adding varactor diodes at strategic points around 
the ring to tune their resonant frequency. Such devices offer interesting potential as 
tank circuits in VGOs and tunable filters. It has also been noted that two degenerate 
modes exist in the ring resonator at each resonance [9]. By introducing asymmetry into 
the ring, it is possible to split these modes so that they occur at different frequencies. 
This effect has been exploited to make band pass filters whereby a small perturbation 
in the form of a short stub is placed at an angle 135° around the ring, and the two feeds
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placed 90° apart. By controlling the size of the perturbation, the degree of separation 
of the resonances can be controlled, and hence the filter bandwidth. This so called 
“dual mode resonance” effect is exploited by Huang and Cheng who demonstrated 
a square ring resonator based bandpass filter at 1.4CHz [38]. The ring resonator is 
currently a very popular element in meta-materials. By using arrays of perturbed 
rings as resonators, it is possible to simulate the effect of materials with negative 
refractive index [39] [40] by exploiting the strongly dispersive magnetic field around a 
ring resonator close to resonance.
2.6 Other types of ring resonator
The ring resonator is almost exclusively used with microstrip transmission lines over 
the microwave frequency range, however other types of transmission line are possible. 
At high frequencies, microstrip becomes difficult to construct due to the need to keep 
the substrate thin. It is also difficult to interface with measurement instrumentation 
due to the separation of the signal and ground layers. More popular types of planar 
transmission line are:
1. Coplanar-waveguide
2. Slotline
3. Coplanar strips
These transmission lines have the advantage that the ground layer and signal path are 
on the same plane. Such types of line are often used in a differential mode, and work 
by guiding the waves along the surface of the substrate. This reduces the sensitivity 
of the waveguide to variations in substrate thickness, and also means that undesired 
higher order modes usually occur at higher frequencies than microstrip.
Despite these advantages, very few examples of the ring resonator using these meth­
ods exist. Chen [34] used a CPW resonator on silicon, however the ring described was a 
polygon shape rather than round, and very small. The ring was so small, that only one 
resonance at 40CHz was measured. The resonance had a loaded Q factor of just 3 due 
to very tight coupling and a highly lossy substrate. Ho [41] and Navarro [37] describe 
rings (used for hybrid couplers) with slotline. The rings were operated at 2-8CHz. Very 
few examples of using the ring resonator with slotline specifically as a means of mea­
suring dispersion were found. Kawano et al. [42] showed a slotline ring with microstrip 
feeds made on alumina. They used the spectral domain method (described in more 
detail in a later publication [43]) in a cylindrical co-ordinate system (leading to Han- 
kel transforms rather than Fourier transforms as in the Cartesian co-ordinate system) 
to analyse the ring. Although this full wave technique should give accurate results.
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only one basis function was considered. They measured rings in the frequency range 
26-33GHz. No reason was given for this rather strange frequency range, although their 
theory did predict the guided wavelength accurately. Only one reference to using the 
ring resonator to characterise CPW was found. This conference presentation from 1991 
[44] described measurements made on a single ring, and few details were given but a 
plot showing dispersion measurements over a 2-40GHz frequency range was presented. 
No references to ring resonators formed from coplanar-stripline were found.
2.7 Analysis techniques
Because the planar circuit structures of the ring resonator have inhomogeneous di­
electrics (air and dielectric), the wave propagation is not TEM, and the propagation 
modes are dispersive. This causes problems when the resonator is used to study the 
variation of the material dielectric constant with frequency, as the relationship between 
the effective dielectric constant (which determines the resonant frequencies) needs to 
be accurately accounted for in order to be able to calculate the material dielectric 
constant. Because an understanding of the dispersive nature of the various planar 
transmission lines is necessary for their use, many techniques for analysing them have 
been developed. This thesis uses the planar waveguide model and the spectral domain 
approach.
2.7.1 Planar W aveguide m odel
The planar waveguide model is an approximation used for analysing microstrip circuits 
and can be used to predict radiation effects. A planar waveguide uses a finite parallel 
plate waveguide. The (infinite) parallel plate waveguide supports TEM modes and is 
easy to analyse exactly. The model describes a mapping from microstrip to finite width 
parallel plate waveguide. The waveguide is assumed to have a dielectric constant equal 
to the effective dielectric constant of the microstrip line, and the width of the parallel 
plate waveguide is adjusted so that the impedance is the same as that of the microstrip 
line. This is illustrated in figure 2.1.
Microstrip Planar W aveguide
W Weff< > < ^
Gr h Geff
Figure 2.1: Planar waveguide development from microstrip
CHAPTER 2. BACKGROUND REVIEW  13
Kompa and Mehran [11], in presenting the planar waveguide model for microstrip 
in 1975, suggest
=  =  (2-3)
where w is the microstrip width and Weff is the parallel plate waveguide width.
Owens proposed a correction for this expression to improve agreement with experi­
ments on ring resonators. His modification is stated to “provide satisfactory curvature 
correction” [12]. This expression is also quoted by James and Hall [28].
=  -e //(0 ) l/e e „ (0 )
Where rjo is the characteristic of free space. In 1992 Bahl and Stuchly [24] stated simply 
for microstrip
W e f f  =  (2-5)
^0%/^eff
Thus allowing various accurate frequency dispersive expressions for Zo{f) and C e / / ( / )  to 
be used. The current work has assumed that this final expression is the most accurate, 
despite not being specifically related to curved microstrip. It is clear that all of these 
different expressions developed over the years show that the planar waveguide model 
is not robustly formulated, however it has successfully been used to predict radiation 
effects for various microstrip antennas. One shortcoming of the planar waveguide model 
is that the characteristic impedance Z q of microstrip is not well defined. Because the 
microstrip mode has small longitudinal fields, and thus is not pure TEM, there are 
multiple definitions for the characteristic impedance, depending upon the route taken 
by the contour integrals. Getsinger [45] gives a good review of some of the different 
methods of defining Z q but concludes that the differences between them are small 
enough that they are difficult to measure.
2.7.2 Spectral D om ain Approach
In order to interpret materials characterisation measurements made with the ring res­
onator, a means of determining € e / / ( / )  for a given type of transmission line is required. 
Most early work used conformai mapping techniques based upon a static (DC) charge 
distribution method. Whilst accurate at DC, these methods are not suitable for working 
out frequency dependent dispersion expressions, as they do not include displacement 
currents. Similarly, many empirical or curve fitted expressions exist but do not have
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a solid theoretical basis. This section will consider the development of full wave solu­
tions which explicitly include frequency dependent effects, but require a computer to 
evaluate.
The Spectral Domain Approach works by describing the fields in the waveguide 
as a summation of TM and TE modes due to the longitudinal and transverse cur­
rents. Each mode must satisfy the boundary conditions imposed by the structure. The 
boundary conditions for Maxwell’s equations can be formulated for planar transmis­
sion line structures, but due to the inhomogeneous structures, usually result in integral 
equations that cannot be solved analytically. By taking the Fourier transform of the 
integral equations, a series of algebraic equations results which are much easier to 
solve[46]. The first detailed analysis of the microstrip line using Maxwell’s equations in 
the spectral domain was made by Denlinger[47]. He neglected the transverse currents 
which eliminated the coupling between the TE and TM modes and made the integral 
equation much simpler to solve. Itoh and Mittra [48] [49] subsequently reformulated 
the equations in matrix form using Galerkin’s method which allowed consideration of 
both longitudinal and transverse current density on the microstrip.
The SDA was also used by Itoh and Mittra[50] and Janaswamy and Schaubert[51] 
to analyse slotline waveguide by using a formulation in terms of the electric fields in 
the slot rather than currents on the microstrip. The SDA is also applicable to coplanar 
strips and coplanar waveguide. A good summary of the SDA is found in Jansen[52] 
and Itoh’s book[46].
Although Pintzos analysed Coplanar strips in 1991 [53], Little further work appears 
to have been carried out using this technique. Although the SDA allows a systematic 
improvement of the accuracy of the solution by increasing the number of approximating 
basis functions used to model the strip current density (or slot electric field), very few 
authors appear to have done this, and most analysis has been carried out with only 
one or two basis functions. When the technique was popular in the 1980s, computer 
power was very limited so, undoubtedly this will have resulted in a trade off of accuracy 
against computing time.
A limitation of the SDA is that it cannot handle thick conductors. Although more 
recent general moment techniques such as mode matching can account for thick con­
ductors, the formulation is extremely complicated. Nguyen [54] gives the equations for 
thick coplanar strips in his book, but the equations alone fill over ten pages, and offer 
little physical insight.
2.8 Potential for further work
This chapter has shown how the use of the ring resonator has matured over 40 years. 
The microstrip ring resonator has been used extensively to study dispersion and has
CHAPTER 2. BACKGROUND REVIEW  15
been shown to offer good accuracy. By measuring the Q factor of the resonances, line 
loss measurements are possible. However, the radiation from the ring (as is evident 
from the work using the ring as an antenna) is usually neglected.
Microstrip becomes difficult to work with above approximately lOOGHz (although 
the limitations are practical rather than any fundamental limitation of microstrip), so 
uni-planar transmission lines like slotline and coplanar waveguide are more popular. 
The use of the ring resonator with these forms of transmission line is very scarce 
compared with microstrip.
The coupling of the ring resonator to the feed line appears straight forward, but all 
studies found make simplifications on the nature of the coupling. Whilst these may be 
appropriate, these assumptions should be investigated. Similarly, the effect of mode 
splitting due to discontinuous rings is well known and exploited for filters, the effects 
on the ring used for materials characterisation are not known.
The following areas were highlighted from the background study and are investi­
gated in this thesis:
1 . The nature of the coupling between the feedline and the ring
2. The possibility of using other types of transmission line in the ring resonator
3. Extension of the resonator technique above lOOGHz
4. Consideration of the radiation effects on the Q factor
5. Other factors which may affect the ring resonator when accuracy is important
6 . Practical limitations (particularly important at high frequencies)
7. Extension of the SDA with improved basis functions
Chapter 3 
Ring Resonator Theory
3.1 Introduction
This chapter presents some of the basic theory behind the operation of the ring res­
onator. The purpose is to develop some useful concepts which will be used throughout 
the thesis. This section will not focus on a specific implementation of the ring resonator 
(transmission line type), but instead discusses general aspects applicable to all types 
of resonator. This chapter covers the equivalent circuit of the ring resonator, Q factor 
and methods of extracting transmission line parameters.
3.2 Equivalent Circuit
In this chapter, the ring resonator will be assumed to be formed of a closed loop of one 
dimensional, uniform transmission line. These conditions are relaxed in later chapters. 
The parameters that define such a transmission line are:
1. Length, I
2. Propagation constant, 7
3. Characteristic impedance, Zq
A dispersive line can also be considered whereby the propagation constant and impedance 
may be frequency dependent. The propagation constant is frequently split into two 
factors
l  = oiPj(3 (3.1)
Where a, the attenuation constant, is related to the loss on the line (in Np/m) and /?, 
the phase constant, is related to the velocity of propagation or wavelength. (3 is related
16
CHAPTER 3. RING RESONATOR THEORY 
to the guided wavelength and phase velocity {vp) by
^  = T  = -An Vr,
17
(3.2)
The wave propagates along the waveguide such that the voltage is defined along the 
guide as
=  (3.3)
A similar expression exists for the current, which is related to the voltage via the 
characteristic impedance.
An equivalent circuit can be devised for the ring resonator by using Y-parameters 
for the transmission line. The procedure is summarised in [7], but will be shown here 
in more detail. An ideal ring resonator is considered to be formed by the parallel 
connection of two transmission lines as shown in figure 3.1. Each transmission line is 
identical, and considered ideal.
Impedance = Zo
Port 1 Port 2
Length = 1/2
Figure 3.1: Ring formed of two parallel connected transmission lines 
The Y parameters for an ideal transmission line of length I are [55]
cothy/ — cschy/ 
— csch'yl cothy/
(3.4)
Y parameter matrices are added for parallel circuits, so for the ring of figure 3.1, the 
overall matrix is
cothy / / 2  — cschy/ / 2  
— cschy/ / 2  cothy / / 2
The input impedance of the ring is defined as the ratio of the input voltage to the 
input current with no current fiowing in port 2 (i.e. open circuit). That is:
(3.5)
l2=0
V22
FI (3.6)
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Using routine manipulation, the input impedance of the ring is found to be
^  _ Z o  sinh(70 
-  Tcosh(7/) -  1
Using (3.1) this can be rewritten
^  ZqI + jtanh{al/2)tan{pi/2)
2  tanh(a//2 ) +  jta n ( /l / / 2 )
The first resonant frequency is assumed to lie at wo, and the is harmonically related,
thus ujn = nujQ. Close to resonance, the following holds
uj ~  tiujq T Nuj (3.9)
where Aw is a small frequency offset. By assuming that the ring resonator resonates 
when it is an integer number of guide wavelengths long, that is I = nXg, and using 
(3.2)
/31 = 27t ^  + ^ ^ ' ^  (3.10)
If al is small, (ie the line is low loss) then small angle approximations can be used for
tan and tanh. Using (3.10) in (3.8), the input impedance is
~  al +  2jimAw/uo
This equation is of the same form as that of a parallel LOR circuit [27], although
the current derivation considers all resonances, not just the first one as in [27]. The
equivalent circuit parameters are
R = (3.12a)al
L = ^  (3.12c)
n
/resonance -  (3-12d )
The Q factor of an LCR circuit is well known and given by
The L and C components form the resonant circuit, and the resistance is related to 
the line loss. It is important to note that the unloaded Q factor of the resonator is
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determined by a, the total line loss, which arises as a combination of several loss sources 
including radiation loss, dielectric loss and conductor loss. The equivalent circuit can 
be extended to split up these three loss components. The conductor and dielectric 
losses can be related to a loss per unit length factor which is dependent on the type of 
transmission line. The radiation loss is more difficult to define, but it is discussed in 
the context of the microstrip line in a later chapter. The dielectric and conductor loss 
resistances are given by
Rc = 
R d =
A
A
œdI
(3.14a)
(3.14b)
where ac  and old are the conductor and dielectric line losses in Np/m. This equivalent 
circuit for the ring at resonance is shown in figure 3.2, and also includes radiation loss 
{Rb)  which will be described later in chapter 7. This circuit is valid only for frequencies 
close to a particular resonance.
L C
Ring L o sse s
Figure 3.2: Equivalent circuit of ideal ring resonator
It is useful to define the effective dielectric constant, Ce//, of a line which shows how 
the electric field component of the guided wave is slowed from the speed of light in a 
vacuum due to the dielectric. It is assumed that the material is non magnetic, thus 
the effective permeability //g// = fir = I-
V r t  —
X g  —
V^e//
Ao _  C
V^ë// /\Z^e/7
27rnciO-fi — ÏILÜQ —
(3.15a)
(3.15b)
(3.15c)
The effective dielectric constant is a natural parameter to extract, as by fabricating 
a ring with known dimensions and measuring the resonant frequency, (3.15c) can be 
used to determine eg//.
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The equivalent circuit can be used to make several observations about the ring 
resonator, particularly the Q factor. In general, the line loss on a transmission line 
increases with frequency. Conductor losses tend to increase at a rate proportional to 
the square root of the frequency, and the dielectric losses tend to be proportional to 
the frequency. The equation for the Q factor shows that the Q factor is proportional 
to the frequency {n) and inversely proportional to a. Because these factors tend to 
cancel out, the Q factor is often reasonably constant with frequency. The radiation 
resistance is harder to calculate, and it will be shown in a later section that radiation 
can complicate the measurement of line loss.
To verify the equivalent circuit, ADS was used to simulate an ideal ring using 
two parallel sections of ideal, dispersionless transmission line. The equivalent circuit 
parameters for the second resonance were calculated and the input impedence of both 
circuits simulated. Table 3.1 shows the relevant parameters, and figure 3.3 shows the 
real and imaginary parts of the input impedance. The equivalent circuit (red) shows a 
very close correspondence with the ideal transmission line ring around 2GHz.
Table 3.1: Simulation of ideal ring resonator
Parameter Value
Impedance, Zq 50f]
Length, I 30cm
Effective dielectric constant, eg// 1
V* Resonant frequency, /o ICHz
Attenuation 1.45dB/m
Equivalent R ikn
Equivalent C lOpF
Equivalent L 0.633nH
Collin [56] discusses resonators made from short circuited half wavelength lines. 
These are shown to be equivalent to a parallel LCR circuit and the Q factor is given 
as:
Since the length of a half wave resonator is half that of a ring resonator for a given 
frequency, the two circuits are seen to have the same Q factor.
3.3 M easurement Techniques
3.3.1 Coupling
The ring resonator is not useful in isolation and must be coupled to an external circuit. 
The nature of this coupling circuit depends on the type of transmission line in use, but
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Figure 3.3: Input impedance of ring (green) and equivalent circuit (red) calculated at 
second resonance
in general, the external circuit will load the resonator to some extent. This will lower 
the resonant frequency and reduce the measured Q factor (loaded Q factor). The ring 
resonator is used in one of two configurations; transmission or reflection, and single or 
multiple feeds are used.
Three strategies are possible to deal with the loading effects of the feed system:
1. Reduce the coupling so that the loading effects are small enough to neglect
2. Model and account for the effects of loading
3. Design the ring in such a way that the loading does not affect the measurement
The choice of technique will depend on the ring application. For example, if the ring is 
used as a resonator for materials characterisation using a transmission design, then the 
Q factor and resonant frequency need to be measured accurately. In this case, weak 
coupling is normally used and the loading effects ignored. A one port ring requires 
tighter coupling in order to influence an external circuit, unless it is of very high Q. 
The final strategy is useful if the coupling is hard to characterise, or needs to be very 
tight. A ring using direct coupling is described in a later chapter which is designed as an
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interferometer for use at very high frequencies. In this case, the direct coupling allows 
a network analyser with reduced dynamic range to achieve a satisfactory signal to noise 
ratio. In general, the coupling effects are very difficult to characterise, especially at 
high frequencies where the coupling circuit may show some frequency dependence, so 
the first or third coupling strategies are most appropriate.
3.3.2 Q factor
As the ring resonator is often used to measure the loss of a particular type of transmis­
sion line, it is necessary to measure the Q factor of the resonances. In a transmission 
measurement, the traditional method, valid for a simple LCR resonator is to use the 
3dB bandwidth to obtain the loaded Q.
Q l =
fo
fu -  fl
(3.17)
Where fo is the peak transmission, and fu, fi are the 3dB points. To calculate the 
unloaded Q factor (ie Q factor of the ring in isolation of the coupling circuit) a correction 
factor is used [36]
Qo = . (3-18)
1 — 1 0 -^^
Where L is the insertion loss at resonance in dB. Figure 3.4 shows a diagram of 
these frequency points from a typical ring resonator measurement. From this diagram.
7-3dB
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Figure 3.4: Q factor measurement
/o=16.963GHz, /(=16.922GHz, /^=16.989GHz, L=16.37dB, giving Qz,=253. Applying
the correction factor gives Qo=298.
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Although this method of measuring Q factor is straightforward and has been fre­
quently used (eg [27], [31]), it requires extremely high frequency and amplitude resolu­
tion on the measurement instrument, as it is sensitive to numerical error. Alternatively, 
curve fitting can be used to interpolate and smooth out inevitable noise on the the mea­
surement. In addition, L is strictly the insertion loss of the ring, and thus knowledge 
of the feedline loss is required.
3.3.3 Curve fitting w ith  the equivalent circuit
Assuming that a reasonable model can be obtained for the coupling and feed circuit, 
a good technique for extracting data from measurements is to use a circuit simulator 
with an optimiser. The component values in the equivalent circuit are tuned in such 
a way that the simulated equivalent circuit has the same frequency response as the 
measured circuit. The optimal values from the equivalent circuit can then be used to 
calculate the ring Q factor and resonant frequency. This method includes the effect of 
the coupling circuit (provided that it is well modelled). Because all network analysers 
are capable of storing data files of measurements with many frequency samples, this 
curve fitting technique will apply a certain amount of smoothing to the data, making 
it more numerically reliable than the 3 point Q factor measurement. In practice, this 
technique is found to work well, and has been used extensively throughout this work.
Many types of ring resonator can be coupled to external structures using electric 
field (capacitive) coupling. For example, the microstrip ring resonator is usually cou­
pled to microstrip feed lines via a small gap. This coupling is discussed in more details 
in a later chapter, but figure 3.5 shows a suitable circuit for a one port ring resonator. 
The coupling between the feedline and resonator is achieved via capacitor Cg, which 
for typical circuit dimensions has a value of 5-50£F. The diagram also shows a shunt 
resistor, Rp which is used to model feed line losses (and radiation from the gap) and a 
length of transmission line which changes the phase of the response and may provide 
some impedance matching.
Port X, Zo
Rp C = =Rr[ J Rd[1 R e f
Feedline Gap Ring
Figure 3.5: Equivalent circuit including feed line for one port resonator
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To use this equivalent circuit, as described in [7], calibrated Zn  measurements are 
made of the ring resonator circuit at frequencies close to resonance, and stored as a 
data file. Error functions are defined
=  |real(.^ii — ■^ 22)! (3.19a)
E 2 =  I imag(iZii — -^22)1 (3.19b)
Where Z n  is the measured circuit impedance data and Z 22 is the simulated circuit 
impedance data. It is possible to formulate the error functions in terms of S or Z 
parameters, as any modern simulation package can automatically convert between the 
different systems. The simulator is then set to minimise the error vectors E i  and E 2 
by varying the component values in the equivalent circuit. Reasonable initial estimates
are required for the circuit components, but these are straight forward to obtain as the
circuit dimensions are known.
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3.3.4 Two port resonator
Although the two port ring resonator is conceptually similar to the one port version, 
a slightly different curve fitting technique is used. In making a transmission measure­
ment, it is more natural to use S-parameters rather than impedance parameters. Figure 
3.6 shows two equivalent circuits of the two port, loosely coupled ring resonator. It has 
been demonstrated that the ring at resonance is equivalent to a parallel LCR circuit, 
but it can also be considered to be formed of two parallel transmission lines. Each line 
has a characteristic impedance Zq, attenuation and velocity factor. Normally these 
would be assumed to be assumed constant around the length of the ring.
A suitable error function applied to this circuit is
£  =  (1S2i | - | 5 ' |)dB (3.20)
Where S 2 1  is the simulated ring transmission and is the measured ring transmis­
sion. As before, the optimiser goal is to minimise the error function over all frequencies. 
Logarithmic (dB) units have been used in the error function as measurement instru­
ments tend to use logarithmic power detectors to achieve a high dynamic range.
Port1
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Figure 3.6: Equivalent circuits for two port resonator
Chapter 4
Fabrication
4.1 Introduction
This section describes the fabrication techniques used to construct the ring resonators 
used in this research. Although these techniques are fairly standard, a description of 
them is given to detail the processing steps. The experiments described used two main 
processing technologies, and will be described in turn.
1. Thick-hlm screen printing
2. Lithographic etching
Some of the processing methods were required to overcome limitations with the test 
equipment fixtures. One of the most significant limitations was the need to use mi­
crostrip fabrication for some of the rings at high frequencies. Because the main conduc­
tor and groundplanes are separated by the substrate thickness, a means of electrically 
connecting to both the top and bottom layers of the circuit simultaneously is required. 
A microstrip edge coupling jig was available to use (Wiltron 3680K), however it had 
an upper frequency limit of 40GHz, and required the microstrip conductor to extend 
to the edge of the circuit. Above 40GHz, the only electrical connections that could 
be made to the circuits used coplanar waveguide probes. As these probes have the 
signal and ground connections on the same plane, they cannot be used directly to test 
microstrip circuits. Whilst this can be overcome by using through substrate vias, these 
could not be fabricated with all of the available processing techniques.
4.2 Thick-film Processing
Thick-film printed circuits use an established technology which allows mass production 
of passive circuits with modest resolution by screen printing pastes [57]. Pastes made 
up of finely ground particles of dielectric, conductor or resistor are mixed with organic
26
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binders, glass and other trace materials are forced through a mesh screen onto the 
substrate in a particular pattern. The paste is then dried, then fired in a furnace 
and the resulting printed circuit becomes mechanically stable. Multi-layered circuits 
are possible by alternately printing and firing the various layers. Although screen 
printing onto many different types of substrate is possible, this work has exclusively 
used alumina (AI2 O3 ) substrates, which are well known for having desirable mechanical 
and electronic insulating properties.
4.2.1 Screen printing
Traditionally, screen printed circuits have used a patterned screen. In this case, the 
screen is partially blocked, and the paste only prints through gaps in the screen. Whilst 
this method is good for mass production, it has a rather limited resolution (perhaps 
100/im) which limits the use of the technique for making high frequency circuits. This 
work has used photoimageable pastes which allow higher resolution fabrication via 
subsequent processing steps.
The first stage is to print a uniform layer of paste onto the substrate. A mesh 
screen is held approximately 1 mm above the substrate, and paste forced through the 
screen by dragging a squeegee across the screen. Figure 4.2 shows a photograph of one 
of the mesh screens used in this work. This mesh screen allows a 5cm square alumina 
tile to be coated with paste. Figure 4.1 shows a side view of how the paste is forced 
through the screen on to the substrate by a moving squeegee. The screen is fitted into 
a motorised unit which moves the squeegee at a steady rate, with constant pressure to 
give a uniform coating.
Open Squeegee
aperture 
in screen
\  w Direction
Screen \  w  motion
<--------------- Paste
Substrate
Figure 4.1: Screen printing technique
After the substrate is coated in paste, it is left to stand for a few minutes to ensure 
that the surface is level. After levelling, the paste is dried in an oven at 80° for 10- 
20 minutes. This evaporates volatile solvents, and makes the paste touch dry. If a 
patterned screen was used then the circuit is now ready for firing, however, in this
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Open aperture 
(5cm square)
Figure 4.2: Photograph of mesh screen used for thick-film printing
work only plain screens were used, so the substrates are completely covered in photo­
sensitive paste.
4.2.2 Photom asks
The next processing stage uses photo-lithography to pattern the circuit details. A 
negative working photomask is produced with the desired circuit features on it. In this 
work, two types of mask were used
1 . Photoplotted plastic masks
2 . Chrome on glass
The photoplotted plastic masks were produced externally, and had a resolution of 
around 4000dpi (dots per inch). Theoretically, this allows 6.35/im resolution, but in 
practice, it was found that the smallest dimensions that could be reliably imaged were 
around 20/im. Lines narrower than this tended to have gaps, and gaps narrower than 
this tended to be filled in. The masks were printed on soft Mylar plastic film which 
tended to make them susceptible to scratches. Some of the higher performance circuits 
used chrome on glass masks. These were able to image 5-10/im features, but were 
around five times more expensive, at 180 pounds for a 4 inch mask. It was not thought 
to be cost effective to purchase higher resolution masks.
Both the photoplotted plastic masks and the chrome masks had slight errors in 
the feature widths, of the order of < 5/im, and sharp corners became rounded. These
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were not thought to be significant problems, as shrinkage after firing for thick-film 
circuits and undercutting for etched circuits produced more significant errors in feature 
widths. When dimensions were critical for the measurements, the fabricated circuits 
were measured with a split field microscope.
An annotated microscope image of a test pattern on the chrome mask is shown in 
figure 4.3. It contains a series of rulers which have alternating dark/light areas. 10/xm 
lines seem to image, but the 5/im lines are blurred. This image has been used to test 
the capabilities of some of the fabrication processes, as it contains very fine features 
of known dimensions. As the test pattern is only around 2mm^, several copies can be 
placed on the mask, so many of the fabricated circuits have this test pattern somewhere 
out of the way of the ring circuits.
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Figure 4.3; Microscope image of “Microruler” test pattern on chrome mask
4.2.3 P hoto  lithography
At this stage in the processing, the thick-film circuit has a layer of dried paste covering 
it. The circuit is placed in intimate contact with the photo mask, and UV light shone 
onto the circuit. Where the UV light impinges on the paste, it is hardened, but where 
the dark areas of the mask block the UV, the paste remains soft. The UV exposure 
dose is quite important, so it is necessary to use a UV lamp of known intensity. In this 
work, two different dielectric pastes were used, and one type of conductor paste. The 
exposure details are given in table 4.1. Two different exposure units were available, 
one had a very powerful lamp, and gave approximately 250mW/cm^. This unit did not 
allow accurate mask alignment, and was not used much for this work. A Qintel mask 
aligner was the preferred exposure instrument. Although this has a lower intensity lamp
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(3.5mW/cm^), and thus required longer exposure times, extremely accurate alignment 
was possible. As this instrument is intended to be used for semiconductor wafer photo 
lithography, it offers many alignment features, and allows mask alignment to much 
better than 5/im resolution - considerably in excess of that required for this work.
Table 4.1; Exposure dose for some photoimageable thick-film pastes
Paste Exposure 3.5mW/cm^ 
s
Exposure 250mW/cm^ 
s
DuPont 6778 Ag conductor 45 3
Hibridas HD 1000 dielectric 30 2
DuPont QM44F dielectric 0 . 6 not suitable
Some of the experiments carried out for this study used multi-layered thick-film 
circuits, which require careful alignment of the various layers. This was achieved by 
printing the first layer with alignment marks at the edge of the circuit. This layer 
was then developed and fired. By masking off the edge of the printing screen with 
tape, subsequent layers will not print on top of these alignment marks. By including 
appropriate marks on the edge of the photo masks, the mask can be accurately lined 
up with existing layers on the circuit by shifting /  rotating the mask. The Qintel 
aligner uses optical microscopes and has a motorised stage allowing the substrate to 
be shifted relative to the mask in sub-micrometer steps for alignment purposes. A 
photograph of a multi-layered circuit is given in figure 4.4. The right hand image 
shows the circuit without some of the top layers printed, and shows the vias which are 
present on all layers. The alignment marks were used successfully to line up 19 layers, 
with no significant interlayer offsets using the Qintel mask aligner.
After the circuits were been exposed to UV, they were developed with 1% sodium 
carbonate solution. To achieve uniform development, a developer instrument was used 
which spun the circuits rapidly and used a fine mist/spray of developer. The devel­
opment time could be accurately controlled, and was terminated by a water spray to 
rinse off the sodium carbonate. Areas which were not exposed to UV are soft, and are 
easily eroded away by the sodium carbonate and washed off by the water leaving only 
the UV exposed areas. Development time was around 2-5 seconds, and the circuits can 
be developed in small stages to ensure that the circuit is not over developed, and fine 
features start to wash off. The photo lithography steps are shown in figure 4.5.
4.2.4 Firing
The final step in the the thick-film process is to fire the circuits in a furnace. This 
step burns off any remaining solvent in the paste, and melts the glass binder. For 
some types of thick-film printing, in particular resistors, the firing temperature profile
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Test pattern Alignment marks vias
Figure 4.4: Multi-layered thick-film circuit. Right hand circuit is incomplete to show 
inner layers
is critical, however for the circuits used in this work, a simple profile was used. The 
circuits were heated in a chamber furnace to 850° C, and held at this temperature for 
20 minutes. The temperature was ramped up at approximately 10°C/minute initially, 
then slowed to 6 ° C/minute above 600° C. The circuits were cooled at a rate limited 
by the insulation of the chamber furnace, and took approximately 6  hours to return 
back to room temperature. The manufacturer’s recommending firing profile takes ap­
proximately 1 hour to complete the complete cycle of ramp up to 850°C, hold for a 10 
minutes, then back to room temperature. The thermal inertia of the chamber furnace 
was too high to permit such a rapid firing cycle, but the circuits appear good. The 
important part of the firing process is holding the circuits at 850°C to allow the glass 
to melt and the metal /  ceramic particles in the paste to sinter.
If multi-layered circuits are required, then the next layer can be printed directly 
on top of the fired circuit, repeating the previous steps. Fabrication of multi-layered 
circuits using this thick-film process is very time consuming due to the very long firing 
time. It was found that it was possible to print, dry, expose, develop and fire one layer 
per day, and leave the circuit to cool down overnight for the next layer the following 
day. The fabrication of the circuit of figure 4.4 which had 19 printed layers took about 
1 month.
4.2.5 Process perform ance
This section has described the thick-film printing process. Whilst several of the steps 
could have been refined to achieve the best possible circuits, in particular the printing
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1. Screen printing
UV
mask
2. Exposure
3. Developing
Figure 4.5; Processing stages for photoimageable thick-film circuits 
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Figure 4.6: Temperature profile of circuit firing
step, the process worked sufficiently well to test the performance of the ring resonator 
circuits.
It was noted that the conductor layers shrunk considerably in the vertical direction 
and had a fired thickness of approximately 5-8/rm, whereas the dielectric layers were 
around 10-18/rm after firing. These thicknesses can be influenced by using different 
mesh sizes when screen printing, and adjusting the paste viscosity and print speed, 
however, it was found to be easier to measure critical dimensions after fabrication. For 
producing vias, multiple conductor layers are needed to keep the vias the same height 
at the dielectric.
Although the thick-film process was capable of producing multi-layered circuits, as 
the conductors and dielectrics shrink in the horizontal dimensions when firing, vias can 
sometimes cause problems. The conductor and dielectric shrink in opposite directions
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when fabricating a via, so air gaps form around the via plug, and the via can crack. 
This can be seen in figure 4.7. The intended via dimension is a 200/rm square, but after 
repeated printing and firing, the conductor and dielectric have separated by more than 
25/rm, and the conductor takes on a domed appearance. This was partially mitigated 
by over-sizing the top layer of the via. It is possible that this effect may have been 
cause by using incompatible or old paste and an inferior firing profile.
Figure 4.7: Microscope image of thick-film vias showing gaps between metal and
dielectric
The best resolution achieved by the thick-film process was around 25/im. Conduc­
tors narrower than this tended to disappear during the developing step and narrow 
gaps short circuited. It is interesting to note that the DuPont state that the resolution 
of their conductor paste is 50/im line/space[58], however the yield of the fine detailed 
circuits in this work was poor, and not suitable for commercial production.
Figure 4.8 shows an image of the ruler test pattern after firing. This figure can 
be compared with figure 4.3 which shows the mask image. The 5 and 10/rm lines 
have gone, and the 25//m lines are rather badly defined. Electron microscope images 
of parts of the thick film circuits are shown in figures 4.9 and 4.10. The conductors 
exhibit significant distortion at the edges, and appear de-laminated, and the surface 
roughness is quite high at 0 .8 /rm rms.
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Figure 4.8: Microscope image of thick-film ruler test pattern, compare with figure 4.3
Figure 4.9: Electron Microscope image of thick-film feed
CHAPTER 4. FABRICATION 35
I S i# . : 1
I • r , ' • *^k -
s r-” ' 3 ■'>: ‘ ■ f -
r -a
7/11/2008 HV Spot Mag Det WD HFW 
5:44:07 PM 10.0 kV 6.0 511x ETD 11.7 mm 0.26 mm
50.0pm ■ 
Universitvof Surre
Figure 4.10: Electron Microscope image of multi-layered circuit showing two conductor 
layers and an inner dielectric layer
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4.3 Lithographic Etching
This section describes a method of fabricating circuits by etching a conductor layer 
which uniformly coats a dielectric substrate. This type of circuit fabrication is com­
monly used for mass producing printed circuit boards (PCB), but it will be shown that 
by using thin conductors, excellent resolution can be achieved.
Frequently, manufacturers supply dielectric PCB material pre-coated with conduc­
tor (usually copper). The copper is adhered to the substrate material by mechanical 
rolling and is often available in standard thicknesses, specified by mass per square 
foot. For high resolution work, thin conductors are preferable, so 1/4 oz.(8 /im) or 1/2 
oz.(17/im) thicknesses are used. In this work, Rogers RT Duroid has been used[59], as 
well as a new type of polymer material supplied by Marubeni Chemicals. Although 
the substrate materials may differ, the method of etching the circuits is common.
Some of the experiments have been carried out on alumina, which was supplied 
un-coated, therefore it was necessary to coat the samples in conductor. A thin-film 
process was used to deposit a very thin layer (%150nm) of copper onto the alumina, 
then electroplating was used to thicken this layer up to 3/rm.
4.3.1 P hoto  lithography
It will be assumed that the substrate material is coated in a uniform layer of copper - 
the substrate material and copper thickness do not affect the processing technique, just 
the etch time. It was found to be vitally important that the copper surface was fiat 
and completely clean, so some of the substrates had to be pre-cleaned in an ultrasonic 
bath with acetone solvent. The next step is to spin coat the copper with photoresist. 
The substrate is vacuum clamped onto a spin coating machine in a safe-light, low dust 
area, and coated in photoresist to excess using a dropping pipette. It is important that 
no air bubbles are present in the photoresist, as they can cause blisters. Two different 
types of photoresist were tested; Shipley 81828 [60] and Megaposit SPR-220-7.0 [61]. 
These photoresists are both positive working, and differ mainly in the thickness of the 
coating. The S1828 photoresist has a thickness of approximately 2 .5 ;um, whereas the 
SPR-220-7.0 resist is 7/rm.
The spin coater was programmed to spin slowly for a few seconds to spread out 
the photoresist evenly, then spin at 5000rpm for one minute to achieve the coating. 
Although the S1828 photoresist was easier to work with, it was found that some of 
the thin-film coated samples exhibited very fine pinholes in the coating, as the copper 
surface took on the surface roughness of the alumina, and contained sharp peaks. 
These peaks tended not to get coated in photoresist, and were subsequently etched 
away causing pinholes. The SPR-220-7.0 resist formed a thicker layer which was able 
to cover these peaks.
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After spin coating, the photoresist is dried on a hot plate at 1 1 0 °C for 2  minutes. 
The photoresist is initially sticky, and the baking phase dries and prevents it from 
sticking to the photo-mask in the next step. The coated circuits are then exposed 
to UV via a positive photo mask, similarly to the thick-hlm circuits. Note that the 
photoimageable thick-hlm pastes described in the previous section are negative working, 
so masks of the opposite polarity are required. No multi-layered circuits were fabricated 
using the etched conductor method, so it was not necessary to use a mask aligner. 
However the accurate timer, UV of known intensity and repeatability of the mask 
aligner were useful, so the Qintel mask aligner present in the University clean room 
was used, with exposure times given in table 4.2. After exposure, the manufacturers 
recommend leaving the coated substrates for a few minutes to allow the photo reaction 
to complete.
Table 4.2: Exposure dose for some spin coated photoresists
Photoresist Manufacturer’s dose Exposure time 3.5mW/cm^
m J /  cm^ s
Shipley S1828 150 40
Microposit SPR-220-7.0 400 90
The exposed circuits are developed in solutions of MF319 (for the S1828 photoresist) 
or MF26A (for the SPR-220-7.0 photoresist). A petri dish was hlled with developer 
solution and the circuits placed in the solution and gently agitated for approximately 1  
minute. The exposed photoresist visibly dissolves from the circuit so it was possible to 
judge when the circuits were developed. The development process is halted by washing 
the circuits in distilled water. The final step is then to bake the photoresist to ensure 
that it is completely hardened. This is achieved by leaving the developed circuit on a 
hot plate at 1 1 0 °C for a few minutes.
The manufacturers of both photoresists show electron microscope images of de­
veloped features in their datasheets. The images show that the S1828 photoresist 
can comfortably image features below l/im[60], whereas the SPR-220-7.0 datasheet[61] 
shows a 2/im trench. This shows that the photoresists should not be the limiting factor 
in achieving high resolution circuits with the masks used in this work.
4.3.2 Etching
After the copper had been patterned with the circuit pattern in photoresist, it was 
etched using ferric chloride. If the copper layer is very thin, then it is possible to carry 
out the etching using a beaker full of ferric chloride, and moving the substrate around 
in the solution. For thicker copper layers, heated ferric chloride was used in a bubble 
tank. The bubbles encourage agitation of the solution which is important as the etched
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copper is replaced by iron and this iron tends to cover up yet-to-be-etched copper. If 
the iron is not dislodged, then uneven etching may occur. Because the etching process 
occurs horizontally as well as vertically in the gaps in the photoresist, the circuits will 
undercut. Over etching of the circuits may remove small features, so it is necessary 
to closely monitor the etching process and stop it immediately when the circuits are 
ready. The etch rate for copper using concentrated ferric chloride solution is around 
10-20//m per minute, or higher if the temperature is elevated. The thin film copper 
circuits were etched by holding the substrate with tweezers and moving it around in 
the solution. Etching took around 10 seconds. The photoresist was stripped from the 
circuits using acetone.
Because a degree of undercutting is inevitable, the etched conductors will not have 
vertical edges, and the conductors appear narrower than the mask dimensions. The 
etching process is illustrated in figure 4.11. The diagram shows schematic time snap­
shots as the circuit is etched. Image 2 shows that the etching process does not extend 
vertically, but takes on a curved or diagonal profile due to horizontal etching. Steps 3 
and 4 show that the etching has extended beneath the photo resist. In step 5, the small 
island of photoresist appears completely undercut in the centre. If this island is not 
anchored elsewhere on the circuit, it will de-laminate from the circuit completely and 
the copper beneath it will be attacked by the etch. The etching should be stopped at 
this stage. Step 6  shows slight over etching. The centre conductor is very thin, and the 
edge conductors have receded considerably from the original photo mask sizes. If the 
copper is completely isotropic, then the horizontal and vertical etch rates will be equal, 
however some methods of laminating the copper or growing it onto the substrate may 
introduce a bias in the structure which causes preferential etching in one direction.
photoresist
copper
substrate
Figure 4.11: Origin of undercutting during etching process
Assuming that the etch rate is equal in both directions (giving a 45° etch angle),
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it is seen that the conductor edges will be receded by an amount roughly equal to the 
thickness of the copper. This assumes that the etching occurs uniformly all over the 
area of the circuit and that the copper thickness is uniform. In practice, to ensure that 
the circuit is completely etched, some areas will be slightly over etched. This shows 
why it is necessary to use very thin conductors to achieve high resolution circuits, with 
the smallest conductor widths needing to be at least twice the conductor thickness. 
Figure 4.12 shows the ruler test pattern as imaged on copper of approximately 10/im 
thickness. The lO/xm lines have etched off, and the 25/rm lines appear very rounded. It 
is also just about possible to see the 3D shape of the conductors, which appear domed.
Figure 4.12: Microscope image of etched copper ruler test pattern. Compare with
mask image in figure 4.3
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4.4 Thin-film copper
The highest resolution circuits used in this work were made using thin-film copper 
on alumina. Copper was first deposited onto polished alumina substrates using DC 
sputtering. This produced a 150nm copper seed layer which was electroplated up to 
around 3//m, covered in photoresist, developed and finally etched with ferric chloride.
The sputtering was achieved using a JLS DC Magnetron instrument with an argon 
atmosphere. By varying the sputtering current, it is possible to control the deposition 
rate. To coat the alumina with a copper seed layer, the sputterer was run at 0 . 1  A 
for 15 minutes, then 0.3A for 5 minutes. This gave a copper coating of approximately 
150nm thickness. The low sputtering current was used initially to improve adhesion, 
as experienced users of the equipment stated that adhesion between copper and highly 
polished alumina would be poor. The current was then increased to increase the 
deposition rate (from around 5nm/min to 15nm/min) to produce a thicker coating.
The surface resistance of such a thin copper film would be quite high at microwave 
frequencies due to it being considerably thinner than the skin depth, so electroplating 
was used to increase the thickness. A solution of 10% copper sulphate with 1% sulphuric 
acid was used, with a piece of scrap PCB material as a scarihcial copper anode electrode. 
The substrate was connected to the cathode, and a constant current power supply 
used to electroplate the sample. The sample was 5cm from the plating electrode. A 
constant current of 150mA was found to plate a 2.5cm square sample at a rate of around 
250-300nm per minute. Since the electroplating speed is proportional to the current 
density, larger substrates can be plated to a known thickness by increasing the current 
or increasing the plating time. A photograph of the aparatus used and a diagram is 
given in figure 4.13. Despite the low-tech approach, the electroplating worked very 
well, and high quality copper films were easily produced. The copper films were etched 
as described in the previous section, and it should be noted that the etch time is very 
fast.
A surface profile of a plated thin-film conductor edge is shown in figure 4.14. The 
very high smoothness of the bare alumina is seen at the right-hand end of the graph. 
Coorstek specify the roughness of the polished Superstrate to be 26nm rms[62], and 
the measured conductor roughness is 85nm rms.
A microscope image of the ruler test pattern is shown in figure 4.15. It can be seen 
that despite some undercutting, the lOfxm ruler is clear, although the 5/^m features are 
not present. A composite picture microscope showing the feed network of one of the 
rings is shown in figure 4.16. This image shows the chrome mask and thin-film etched 
circuit overlaid so that the edge recession can be seen. The ring width was designed 
to be 50/im, but the ring width of the circuit is 44//m. Likewise, the gap between 
the inner and outer ring was designed to be 50/im, but was measured to be 58/im.
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Figure 4.14: Surface profile of thin-film conductor on polished alumina
These figures are consistent with around 3-4//m of over-etching; comparable with the 
conductor thickness.
Although the achieved resolution of the thin-film circuits is impressive, it should 
be noted that it uses the same basic process as integrated circuit fabrication, which 
can achieve line resolutions much better than 1/im, using extremely high quality masks 
and even thinner conductors.
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Figure 4.15: Microscope image of thin film ruler test pattern. Compare with mask
image in figure 4.3
Figure 4.16: Microscope images of thin-film circuit overlaid with mask image (black) 
showing undercutting
Chapter 5 
M icrostrip Experim ents
5.1 Introduction
This section describes several experiments carried out using the ring resonator using 
a number of different materials and processing techniques. These experiments were 
carried out in order to gain familiarity with the resonator technique, and to learn 
about some of the processing techniques that will be used throughout the research. 
This section focuses on the use of the ring resonator in its most common form, namely 
microstrip transmission line using a small coupling gap between the ring and the feed 
ports. All of the circuits described have been designed in a way that makes the effect 
of the rings’ curvature negligible. This curvature effect is further discussed in chapter 
7. This chapter focusses on the details of the resonators, and extraction of data from 
measurements rather than their fabrication. The fabrication techniques are described 
in chapter 4, and only minimal details are given here.
The experiments described use the following processing technologies, and will be 
described in turn.
1. Thick-hlm photoimagable silver conductor on alumina substrate (one port)
2. Lithographically etched copper on plastic polymer substrate (two port)
The following chapter will describe some new enhancements to the microstrip ring 
resonator, and will also describe shielded microstrip (stripline) resonators.
A cross sectional view of a microstrip circuit is shown in hgure 5.1. The substrate 
height is h and conductor thickness t. Sometimes, the microstrip structure is placed 
on top of a carrier substrate. This carrier plays no electrical part in the microstrip, 
and serves only to increase the mechanical strength of the circuit. This was necessary 
when using the thick-hlm dielectrics as the microstrip dielectric, as the circuit must be 
built up onto a rigid structure (alumina in the case).
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Figure 5.1: Cross-sectional view of microstrip line
5.2 One port ring resonator - thick-film photoim agable 
silver on alumina
The purpose of this experiment was to validate the equivalent circuit model presented 
in chapter 3. The data from this section is reproduced from published work in lET 
Microwaves Antennas and Propagation [7]. Microstrip rings were fabricated on Coorstek 
ADS96R 96% alumina of two thicknesses. The rings used a photo-imaged screen printed 
silver conductor, as described in chapter 4. The dielectric constant is known to be 9.5 
and stable over the frequency range being considered. Table 5.1 shows the dimensions 
of the rings. The rings were mounted in a Wiltron universal microstrip test fixture 
and connected to an HP8510C network analyser via a short coaxial cable. A short- 
open-load calibration was carried out on the end of the coaxial cable using 2.92mm 
coaxial standards, which placed the network analyser reference plane at the end of 
the coaxial cable. Due to shrinkage of the fired thick-hlm conductors, the widths of 
the tracks were measured with an optical microscope, and the conductor thickness 
measured with a surface prohle meter. Rings were fabricated on two thicknesses of 
alumina; the dimensions are given in table 5.1, and a plan view of the circuit is shown 
in hgure 5.2.
Feedline
(18.72mm)
Coupling gap 
(100pm)
Microstrip ring 
(w=460pm)
Figure 5.2: Ring formed of two parallel connected transmission lines
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Parameter 635//m ring 254/zm ring
Substrate thickness 635/im (25mil) 254/im (lOmil)
Conductor thickness Sfim 14/im
Feed width 600/im 600/im
Feed impedance (at 3GHz) 5 m 300
Feed impedance (at 33GHz) 580 320
Feed length 18.72mm 18.72mm
Track width 460)Lim 470/zm
Ring impedance (at 3GHz) 570 350
Ring impedance (at 33GHz) 670 360
Gap size 1 2 0 /im 1 0 0 /im
Ring mean radius 6.35mm 6.35mm
5.2.1 M easured data
Plots of the return loss {Su) of the rings are shown in figure 5.3.
Residual mismatch at higher frequencies is visible, especially on the thin substrate. 
Although the coupling gap is of similar size on both substrates, stronger coupling occurs 
on the thicker substrate. The ten resonant frequencies occur at similar frequencies on 
the two substrates, confirming that the resonance frequency is not strongly dependent 
on the substrate thickness. Because both substrates used the same photo mask, the 
dimensions of which were optimised for the 635//m substrate, the feedline on the 254/im 
substrate is not well matched to 50Q, and additional ripples in the frequency response 
are caused by the open-end feedline resonating. Because of the high radiation loss from 
the open-end lines, and tight coupling, these resonances have a much lower Q factor 
than the ring resonances. The feed length (18.72mm) and ring length (39.9mm) are not 
harmonically related, therefore the feed line resonances and ring resonances occur at 
different frequencies. Confirmation that the feed line is resonating can be found from 
considering the dip in the frequency response of the 254/im substrate at 15GHz. The 
effective dielectric constant of the feed line is 7.2 and its length 18.72mm. The electrical 
length of this line is therefore about 900 degrees at 15GHz, which is 2.5 wavelengths. 
The next dip occurs at 17.5GHz where the feed line is 3 wavelengths long. It is well 
known that a resonator can be formed from an open circuit transmission line which is 
an integer number of half wavelengths long.
5.2.2 E xtracted  param eters
Using the curve fitting procedure described in chapter 3, values for the components 
in the equivalent circuit (figure 5.4) were deduced. In general, the fit between the 
measured data and the simulated equivalent circuit was excellent, as can be seen in 
figure 5.5. Extracted values for L, C and the total loss resistance, Rt = R c / / R d / I R r
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Figure 5.3: Return loss of ring on 635/im alumina (top trace) and 254/im (bottom
trace)
are shown in figure 5.7 and figure 5.8. The theoretical values are calculated as follows.
Firstly, the ring resonant frequencies are estimated assuming that the effective di­
electric constant of the microstrip lines is (assuming 6^=9.5 for ADS96R). Because 
the effective permittivity is frequency dependent, expressions for ee//(/) are needed. In 
this study, the method of Kobayashi [15] was used for eg//(/)- An iterative procedure 
was then used to calculate the resonant frequency, as illustrated in figure 5.6. Because 
6 e//(/) is only weakly frequency dependent, the procedure converges rapidly, and only 
4 iterations were required to estimate the resonance frequencies to five significant fig­
ures. These theoretical values of fn can then be used to predict L and C by using 
microstrip design equations to calculate Zq, and the equations in chapter 3.
47
Port X, Zo
Rp L y  c  —|— Rr Rd Rc
F eed  line G ap Ring
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Figure 5.6: Flow chart describing method of calculating resonance frequencies
Calculation of the theoretical ring loss can be made using well known expressions 
for microstrip attenuation [63]. The loss calculations were made assuming that tan (i = 
0.001 and that the silver conductor (cr =  5.8 * lO^/S/m) surface roughness was 0.5/im 
rms.
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Figure 5.7: Extracted values of L and C for alumina ring resonators
The effective dielectric constant for the alumina lines has been calculated from
2TIC
W n
(5.2)
This is plotted in figure 5.9, along with the theoretical predictions of (g// according to 
Kobayashi[15j. Note that Kobayashi's calculations for the effective dielectric constant 
do not include the effects of conductor thickness which may explain the very minor 
departure between the measured data and the theoretical curve.
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Figure 5.9: Theoretical (after Kobayashi) and measured effective dielectric constant
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5.2.3 Coupling circuit
The equivalent circuit assumed that the coupling circuit was formed of a single series 
capacitor, however, other circuits are possible. Yu[25] analysed the microstrip ring 
resonator coupling gap, making use of theoretical data by Benedek[64], which had been 
curve fitted by Garg[26]. Numerical expressions for the gap capacitance only exist in 
the literature for microstrip end-coupled lines. However it seems reasonable, that these 
expressions will produce a good estimate of the gap capacitance. A simple argument 
will be presented that shows how varying this gap affects the rings, to the first order. 
Figure 5.10 shows an equivalent circuit for end coupled microstrip lines, of the type 
examined by Benedek. The shunt capacitances represent fringing fields from the open 
line ends. It will be assumed that a similar coupling circuit exists between an open-
Ci2
I l - r -
C i T  T  Cl
Figure 5.10: Equivalent circuit of end coupled microstrips
ended microstrip line and a ring resonator. Consider the case that the coupling gap is 
large (figure 5.11). No series capacitance exists between the ring and the microstrip. 
The capacitance of the ring equivalent circuit (as described in chapter 3) is unmodified 
at C, and fringing from the end of the microstrip feed causes a shunt capacitance, Cp. 
As the gap is reduced in size (figure 5.12), the electric fields redistribute themselves and
J T  T L
Figure 5.11: Equivalent circuit of end coupled microstrip and ring resonator - infinitely 
wide gap
a small field is set up across the gap, resulting in a series capacitance. Since no more 
electric fields have been created, it is reasonable to assume that this gap capacitance 
must come at the expense of reduced shunt capacitance on the feedline and beneath 
the ring. This causes the resonant frequency of the ring to increase slightly. This 
argument is of course a simplification and ignores the asymmetry between the width of 
the feedline and the edge of the ring resonator. Additionally, at higher order modes, the
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field distribution varies significantly around the ring, so the actual field distribution 
across the gap will be much more complicated. In practice, the shunt capacitance
Cg
electric field 
coupling
^   ^ "Y" C-Cg/2
Figure 5.12: Equivalent circuit of end coupled microstrip and ring resonator - narrow 
gap
change caused by the gap is small in comparison with the capacitance of the ring, 
however the value of the series capacitance ( C g )  will significantly affect the coupling of 
the ring to the feed line and hence the match seen on the measuring instrument.
Benedek gives only three curves for different microstrip width/height geometries. 
Yu presented some extrapolated curve fitted equations allowing capacitances to be 
calculated for different geometries. Assuming that the line width is 600//m, and the 
gap spacing 100/zm, inserting the numbers into Yu’s equations yields a gap capacitance 
of 40fF for the 635/zm substrate and 20fF for the 254/im. The parallel capacitances are 
5fF and 7fF respectively. Since the calculated ring capacitances (shown in figure 5.7) 
are about 2.8pF for the 635/im circuit and 4.8pF for the 254/im circuit, this additional 
parallel capacitance will have a negligible effect on the resonance frequency, being less 
than 1% of the total ring capacitance. This justifies ignoring the shunt capacitors in 
the equivalent circuit of figure 5.12.
Because the data fitting procedure will provide values for Cg it is illustrative to plot 
them. Figure 5.13 shows the extracted gap capacitance versus frequency. The plot 
shows that not only are the theoretical values for Cg approximately half the correct 
value, but also that Cg shows a definite decrease with frequency. This is not entirely 
surprising, as the theoretical equations are based upon a static charge model (valid only 
at low frequencies) which does not include frequency effects. The increased capacitance 
is probably due to the increased “effective width” of the ring resonator line, which is 
at right angles to the feed line. No further theoretical studies into the nature of the 
ring coupling were found in the literature.
5.2.4 Sum m ary
This section has explored the single port gap coupled microstrip ring resonator. An 
equivalent circuit was presented which was shown to accurately model the behaviour 
of the resonator. Although the experiment worked well, and gave good results, some
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Figure 5.13: Extracted gap capacitance (mode 1 is approximately 3GHz, mode 1 2  is 
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practical issues arose. Because the equivalent circuit fitting procedure requires accu­
rate data to fit, the measurement must use a good calibration. At high frequencies, it 
becomes increasingly difficult to accurately calibrate the instrumentation as precise re­
flection standards are difficult to achieve. Because of possibly incomplete dembedding, 
spurious resonances in the feed line cause problems. Since the directivity of the coupler 
inside a network analyser is limited, it is not possible to make high dynamic range one 
port measurements. This necessitates strong coupling between the feed line and the 
ring resonator which may influence measurement accuracy. It has been shown that 
existing models for the coupling gap are not robust, and therefore it seems prudent to 
avoid strongly coupling the ring to the feed line.
5.3 Two port ring resonator
Many of the problems associated with the one port ring resonator can be mitigated by 
using the ring in a two port transmission measurement. The main benefit of this type of 
measurement is that advantage can be taken of the vastly increased dynamic range of a 
transmission measurement (perhaps in excess of 90dB) and weak coupling can therefore 
be used. Because the ring is weakly coupled to the feedline, the feedlines appear to 
be open circuit lines, so the reflection coefficient of the ports does not yield useful 
information about the ring. The transmission measurement has the extra advantage 
that a full calibration of the network analyser is not required, as the phase of the 
transmission measurement is not useful, so a normalised measurement, relative to a
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through line is sufficient to de-embed the feed system.
5.3.1 Polym er two port ring m easurem ent
This section describes measurements made on a new type of plastic polymer substrate 
supplied by Marubeni Chemical Corp, and was presented at IMAPS 2007[5]. Two 
different polymer materials were tested, however the performance of the material was 
unknown prior to the experiments, especially at high frequencies. The two polymer 
circuits used significantly different types of dielectric. One used a plain polymer dielec­
tric (with low permittivity), the other was loaded with ceramic particles to increase 
the dielectric constant. The polymer circuits both shared the same photo mask even 
though the dielectric constant and material thickness were different. This was possible 
because the increased thickness (254/im) of the ceramic loaded polymer balanced the 
increased dielectric constant, and the circuits and feedlines had similar impedances.
The substrates were thin enough to permit operation at frequencies in excess of 
40GHz, which necessitated the use of CPW probes to connect the circuits to the net­
work analyser. Because the microstrip groundplane is on the reverse of the circuit, 
vias were needed to connect the CPW probe grounds to the microstrip ground. This 
is illustrated in figure 5.14.
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Probe dielectric
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----- via
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Figure 5.14; Diagram of transition between CPW probes and microstrip
The CPW section was designed to have an impedance of 50D, and was directly 
connected to a 50D microstrip line. The vias were formed by drilling 0.5mm holes in the
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substrate, then filling the holes with silver conducting paint. The polymer materials 
were supplied with 17/im double sided copper cladding. This was thinned down to 
around 8 -1 0 /im by etching prior to photo-plotting to improve the circuit resolution. 
Details of the fabrication process are given in chapter 4. A photograph of one of the 
polymer circuits is given in figure 5.15. The top three rings are of the gap coupled type 
under discussion here. The lower three rings are directly coupled and will be described 
later. A microscope picture of the CPW feed, showing the paint vias and coupling gap 
is shown in figure 5.16.
Figure 5.15: Photograph of polymer two port ring resonators (view size is 5cm)
5.3.2 M easured data - through lines
Although the ring circuits worked and it was possible to extract a considerable amount 
of data, there were some difficulties with the feed networks. This is highlighted by 
examining the frequency response of the through lines, which were added for testing 
purposes. If the lines were perfectly matched, then S21 would show a straight line, 
with increased attenuation at higher frequencies due to the line loss. The measured 
lines show considerable departure from this case, as shown in figure 5.17. The lines are 
all 14mm long. Both lines on the 127//m substrate should show the same frequency 
response, however they are slightly different. There is a large amount of ripple in the 
lines which suggests that they are very poorly matched to the network analyser. Below
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Figure 5.16: Photograph of polymer CPW feed network, including coupling gap (view 
size is 4mm by 3mm)
50GHz, the line on the thick polymer substrate is well matched, but above 50GHz, the 
insertion loss rapidly increases. The low frequency relative permittivity was known to 
be about 2.6 for the thin polymer and about 6.5 for the thick sample (owing to the 
ceramic loading). The width of the microstrip though line is 350//m. ADS Linecalc 
suggests that the characteristic impedance of the lines is 49D for the thin sample and 
51D for the thick sample, using these values for the relative permittivity. These lines 
are well matched to the 50D system impedance, and cannot explain the ripple. The
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Figure 5.17: Measured transmission of through lines on polymer
variation between the two (supposedly identical) 127/rm circuits suggests that there is 
a problem with the grounding of the GPW pads using the conducting paint, as this is 
the only factor that varies significantly between the circuits. It should be noted that 
on the thicker 254/rm substrate, the dielectric constant is higher and a higher order 
mode propagates on the line above 67GHz. This causes a severe degradation of the 
performance of the through line, as the two modes have different propagation velocities
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and characteristic impedances. In practice, it was found that the rings fabricated on 
this substrate did not yield useful data above around 60GHz.
Although the vias pass a DC test, the performance of the conducting paint at 
higher frequencies is unknown. It was speculated that the vias may present some series 
inductance, and an ADS simulation was carried out to check the frequency response of 
such a circuit.
A very simple “rule of thumb” expression for calculating via inductance is given by
[65]
L = 5.08/» (]n(4h/d) + 1) nH  (5.3)
with h in inches. For a via of radius d = 500/rm, and height h = 254//m the inductance 
is O.lnH. The circuit is shown in figure 5.18 and its simulated response in figure 5.19. 
Although the via inductances are very small, they have a significant impact on the 
frequency response, which is seen to vary in a way comparable to that of the measured 
feed lines.
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Figure 5.18: Through line schematic including ground via inductance
Although inductances were used to connect the port ground and the microstrip 
ground, it is possible that that conductive paint has a poor conductivity, and appears 
resistive as well as inductive. This will further increase the impedance of the vias and 
will further change the frequency response. The measured data on the through lines, 
and simulation including via inductance suggests that the conductive paint vias behave 
very poorly at high frequencies, and would normally seriously impact the behaviour of 
the circuit. It will be shown that despite this poor performance, the ring resonator is 
still capable of providing useful data.
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Figure 5.19: Simulated transmission of circuit in figure 5.18
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5.3.3 M easured data - ring resonators
Rings of three different line widths were tested, and the data is summarised in table 
5.2.
Table 5.2: Fabricated polymer ring dimensions
Parameter 127/im ring 254/im ring
Substrate thickness 127/im (5mil) 254/im (lOmil)
Conductor thickness 8 /im 5/im
Feed width 350/im 350/im
Approx. Feed impedance at lOGHz 49fl 5 in
Feed length 2 mm 2  mm
Ring width 1 310/im 310/im
Ring width 2 75/im 75/im
Ring width 3 460/im 460/im
Gap size 80/im 80/im
Ring mean radius 5mm 5mm
Approximate 2.5 6.5
Three circuits were fabricated - two on 127/im, low permittivity polymer, and one 
on thick 254/im high permittivity polymer. The performance of the circuits is limited 
by the cut off frequency of the higher order microstrip lines. Using the planar waveguide 
model [29], a useful rough expression for the cut off frequency of the microstrip line 
higher order mode is given below, and a diagram showing the electric field distribution 
of this mode is shown in figure 5.20.
f c 27/0
(5.4)
Wi
M---------►
W2
V V V V V
Figure 5.20: Representation of electric held distribution for higher order mode on
microstrip
Using this rough estimate, the cut off frequencies for the higher order modes of each 
line is shown in table 5.3
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Parameter 310/im line 75/im line 460/im line
Impedance on 127/im polymer 5511 lio n 42n
Impedance on 254/im polymer 5411 97n 4sn
Cut off on 127/im polymer 170GHz 340GHz 130GHz
Gut off on 254/im polymer 85GHz 150GHz 67GHz
The frequency response of the three, 75/xm wide line, ring resonators is shown in 
figure 5.21. This figure shows that the rings on the thin polymer work well up to 
llOGHz, and the performance of the rings on the thick polymer is good up to 70GHz, 
although further resonances are visible at higher frequencies. Figure 5.22 shows the 
three rings made of 460/im line. The frequency response of the ring on the thick 
polymer is seen to deteriorate above around 60GHz, due to propagation of multiple 
modes that interfere with each other. Note that two identical circuits were fabricated 
and tested on the 127/im polymer. The measured data and extracted results show both 
measurements, marked (a) and (b).
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Figure 5.21: Measured frequency response of 75/im lines on polymer. Two identical 
127/im circuits were measured
The graphs show that despite the relatively poor performance of the CPW/ microstrip 
transition, the ring still shows clear resonances. The data fitting procedure using the 
equivalent circuit was carried out on the rings over all of the clearly defined resonances.
The results from the extraction are shown in figures 5.23-5.26. It can be seen from 
the extracted data that the circuits have yielded sensible looking data. The differences 
between the two (theoretically) identical circuits on the thin polymer are very small, 
and the data points show a small scatter. The line loss measurement is quite noisy.
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Figure 5.22: Measured frequency response of 460/zm lines on polymer
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Figure 5.23: Extracted effective dielectric constant of lines on thin polymer. Two
identical circuits were measured, labelled (a) and (b)
especially at high frequencies, but estimates of the line loss are still possible.
5.3.4 E xtracted dielectric constant
Similar to measurements made on RT Duroid in section 9.8, the material dielectric 
constant can be estimated by using the dispersion equations of Kirschning[13]. As 
before, the thickness of the conductor is neglected, as Kirschning’s equations do not 
include this parameter. The extracted data is shown in figure 5.27. Several interesting 
points can be noted from the graph. Although the permittivity of the thin polymer 
appears to be around 2.55 from ring measurements made with 310/^m and 460//m width 
rings, the 75/im data is in disagreement by about -0.05 (-2%). This could be due to 
the thickness of the conductor, and will be diseased later. The permittivity of the thin
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Figure 5.24: Extracted effective dielectric constant of lines on thick polymer
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Figure 5.25: Extracted line loss of lines on thin polymer
polymer does not seem to vary much with frequency. The permittivity of the thick 
polymer appears to increase with frequency, from a value of 6  at low frequencies to 6 . 3  
at 50GHz.
Both materials appear to show anomalous results at the first resonance. Two pos­
sible explanations are proposed. Firstly, that the material does indeed have a higher 
permittivity at frequencies below lOGHz, and secondly that a measurement error has 
been made. Because the network analyser used to make the transmission measure­
ments sweeps from 1-lllGHz, with 801 points, the frequency resolution is 137.5MHz. 
At low frequencies, this is quite coarse, and makes the measurement prone to noise due 
to the resonances only occupying a narrow bandwidth.
It is worthwhile to note that this is a new type of material being offered by this 
manufacturer, so knowledge of the material dielectric constant and line loss is new and 
useful information.
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Chapter 6 
Enhanced Stripline Rings
6.1 Introduction
Chapter 5 described the microstrip ring resonator as it is most commonly used, with 
capacitive gap coupling. One of the drawbacks of the ring resonator is that it requires 
small coupling gaps. The coupling gaps are typically less than half of the substrate 
thickness, so for extremely high frequency operation on a thin substrate, the gaps may 
have to be less than 50/im. These gaps can be difficult to fabricate if they are too small, 
due to the effects of undercutting when etching and conductor shrinkage for thick-film 
circuits. In addition to the fabrication problems, they also load the resonances and 
must be considered when measuring the Q factor. This problem is compounded at 
extremely high frequencies when the coupling has to be tighter to allow for the limited 
dynamic range of the instrumentation. This chapter will present a new method of 
direct coupling to the ring which eliminates the coupling gap altogether and offers 
several advantages.
At high frequencies, the microstrip dielectric substrate has to be made very thin. 
As a consequence, the conductor thickness may no longer be negligible when compared 
with the dielectric height, which introduces error when calculating the effective dielec­
tric constant of the microstrip line. Although limited correction factors exist in the 
literature, they are mostly based upon a static analysis and so strictly are only valid 
at low frequencies. This chapter will discuss the effects of conductor thickness, and 
also present some ring resonators fabricated using stripline. Because stripline (ideally) 
supports a perfect TEM mode, it is dispersionless, and the conductor thickness does 
not affect the velocity factor.
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6.2 Direct Coupled Ring Resonator
This work is based upon a results presented at IMAPS 2007 [5] in which the direct 
coupled ring was described. A diagram of the ring is shown in figure 6 .1 .
The ring is fed by two feeds, placed 90° apart around the ring. This positioning is 
critical, but not difficult to achieve in practice. When the ring is a whole number of 
wavelengths long, it resonates and a standing wave pattern is set up. Because of the 
symmetry of the ring, one of the feed networks will be at a voltage maximum. For 
odd resonances, the other feed will be at a voltage minimum, so no transmission will 
be measured around the ring. At even numbered resonances, both feeds will be at a 
maximum, so the (lossless) ring will show transmission. An alternative way of looking 
at the behaviour of the ring is to consider the signal is split two ways at the input of 
the ring, of which there is a path difference of 1/2 and then recombined. When //2 is an 
odd multiple of 180°, the two paths destructively interfere and no transmission occurs. 
This criterion is satisfied when 1/2 =  180°, 540°, 900°... i.e. / =  1 * 360°, 3 * 360°, 
5 * 3 6 0 ° ...
Feedlines
71/2
Parallel 
transmission lines
1/4, Zo
31/4, Zo
Figure 6.1: Layout and equivalent circuit of direct coupled resonator
Figure 6.2 shows a simulated comparison of the frequency response of a direct 
coupled ring and a gap coupled ring. The simulation was carried out by using two 
ideal transmission lines to make the ring, and lOfF coupling capacitors to simulate the 
effects of the coupling gap. In the simulation, the line loss increases with the square 
root of the frequency. The graph clearly shows that nulls occur for odd numbered 
resonances, and that as the loss increases, the nulls become less deep. It can also be 
seen that the nulls of the direct coupled ring match up with peaks in the gap coupled 
ring. At the highest frequencies, there is a small loading effect of the coupling gap, and 
the peaks in the response are shifted to a slightly lower frequency. The simulation does 
not include possible radiation from the coupling gap, nor any variation of the coupling 
capacitance with frequency.
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Figure 6.2: Simulated response of gap coupled and direct ring resonator 
6.2.1 D irect coupled ring analysis
The direct coupled ring is readily analysed by network parameters. If the ring is 
considered to be made of two transmission lines connected in parallel, one of length 1/4 
the other of length 3//4, the Y matrix for the resonator can be written by inspection 
in a fashion analogous to chapter 3.
-  cot(/)//4) — cot(3/)^/4) csc(^//4) +  csc(3/)//4)
csc(/)//4) +  csc(3/)//4) — cot(/^//4) — cot(3/3//4)
(6 .1)
The line is assumed lossless and fl is the phase propagation factor as normal. Using a 
standard network transformation for S21 and using the symmetry of the Y matrix, the 
transmission factor is then calculated from
‘S'21 = 
‘5'21 =
— 2 V 2 i -2’o
(1 +  l i i ' 2^o)(l +  1^22^0) — Y12Y21ZQ 
—2Y2i /Z q
{ I / Z q + Y i i f  — Y21
(6.2a)
(6.2b)
This expression is seen to have a zero when Y21 =  0 ie
csc(/?//4) +  csc(3/?//4) =  0 
.■.sin(3/3//4) — — sin(/?//4)
3yd//4 = /?//4 +  (2n +  1 )7 7  n =  0,1,2. 
(31 =  (2n +  1)277
(6.3a)
(6.3b)
(6.3c)
(6.3d)
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Which confirms that nulls are produced when the ring is an odd integer number of 
wavelengths long. The expressions can easily be modified to cope with lossy lines, 
although the null will no longer be infinitely deep due to imperfect cancellation.
It is important to point out that the transmission factor is defined at all frequencies, 
and does not require any assumptions about the coupling coefficient. This offers many 
advantages in extracting line data from experimental measurements. This is in direct 
contrast to the conventional gap coupled ring resonator, which requires the use of curve 
fitted empirical expressions to model the (frequency dependent) effects of the coupling 
gap to extract data away from the ring resonant frequencies.
6.2.2 D irect coupled ring practical verification
In order to verify that the direct coupled ring resonators offer practical advantages over 
conventional gap coupled resonators, samples of the two different types of ring were 
fabricated using an identical process. As the resonators were intended to be used at very 
high frequencies, narrow tracks and a thin substrate layer were needed. A thick-film 
process was used to deposit individual layers of photosensitive dielectric or conductor, 
then the layers were exposed to UV via a photo mask and etched to reveal the conductor 
or dielectric pattern. The circuit was then fired in a furnace. By alternately printing 
conductor and dielectric layers, a microstrip circuit was built up. Each dielectric layer 
was around 18/im thick, and the conductor layers approximately 8 //m. Further details 
of the fabrication techniques are given in chapter 4. The resonators were connected to 
an HP8510C network analyser using coplanar probes as described in chapter 5. Two 
Oleson Microwave frequency extenders were used on the HP8510C giving frequency 
ranges 45MHz-110GHz and 140GHz-220GHz. No measurements were possible between 
llOGHz and 140GHz. A cross-sectional view of the thick-film microstrip is shown in 
figure 6.3, and a diagram of the ring in figure 6.4
Although rings of three radii were fabricated on two different types of thick-film 
substrate, only one set of results will be presented here to demonstrate the technique. 
Further results, including material parameter extraction are found in the conference 
presentation [5].
The circuit used rings of (measured) width 25/im, 70//m and 150//m, and the total 
substrate height was approximately 85/im. The coupling gap was 40//m, and the feed 
lines were 2 mm long. The dielectric used was Hibridas HD 1000, which has a dielectric 
constant of about 7.5 up to llOGHz [31]. Above llOGHz, no reported information 
exists about this thick-film dielectric, and other researchers have assumed the dielectric 
constant does not vary significantly with frequency. The validity of this assumption is 
unknown. A photograph of the circuit is shown in figure 6.5. There are 6  rings and 3 
through lines.
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CPW probe feed to 
network analyser
Top conductor
5 layers 
dielectric 
/via
Groundplane
Alumina
Ring resonator
Figure 6.3: Cross section of thick-film microstrip
CPW probe 
pads
Microstrip 
Feed line
via
•A
ring
resonator
Figure 6.4: Layout of direct coupled ring
In order to isolate the loss in the feed lines and to provide a normalised OdB level for 
the network analyser, a 4mm long through line was also measured. A full calibration 
was not necessary, and a normalised scalar transmission calibration was sufficient. 
Measured results from the two rings are shown in figure 6 .6 . Although the gap coupled 
resonator (lower trace) displays twice as many resonances, it can be seen that the 
insertion loss is significantly higher. The data shown for the gap coupled resonator in 
the range 140-220GHz does not show any clear resonances due to the reduced dynamic 
range of the network analyser and weak coupling. This is in contrast with the results 
from the direct coupled resonator which show clearly measurable resonances up to the 
220GHz frequency limit of the instrumentation. Equivalent circuit fitting showed that
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Figure 6.5; Photograph of thick-film microstrip ring resonators
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Figure 6.6: Comparison of gap and direct coupled ring resonators
the loss of the ring resonator line is 0.2dB/mm, and the coupling capacitors just 1.4fF 
at lOOGHz.
The effective dielectric constant was extracted by recording the frequencies of each
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peak (gap coupled) or null (direct coupled) resonator. The measurements were recorded 
to 50MHz resolution. Because the gap coupling is so weak, the loading caused by the 
gap capacitance is negligible, and the equivalent circuit technique is unnecessary. The 
effective dielectric constant was calculated from
(6.4)
Where r  is the radius (5mm). Figure 6.7 shows the extracted €e//„ for all six resonators. 
The graph shows that the extracted £e//„ is practically indistinguishable between the 
direct and gap coupled resonators. A small systematic difference (about 2%) is present 
between the 25/xm rings. Two possible explanations exist for this discrepancy. The 
first reason is that there could be a tiny difference in the track width between the rings, 
as they are extremely narrow, and the width of such narrow tracks cannot be precisely 
controlled with the thick-film process. A second possiblity is that the presence of the 
feed line distorts the fields in the vacinity of the feed point, which changes the effective 
length of the ring slightly.
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Figure 6.7: Comparison of Ce// for gap and direct coupled ring resonators
One of the key aspects this study has highlighted is the need to produce extremely 
accurate and high resolution artwork. Non uniformity in the ring can cause mode 
splitting; a problem which is especially acute on the direct coupled ring. The issue of 
mode splitting will be discussed in more detail in chapter 8. The null in the direct 
coupled ring is caused by two factors. Firstly, the ring length is a whole number of 
wavelengths and secondly, the path difference is an odd number of half wavelengths. 
Both of these criteria will put a null in the frequency response, but if the ring symmetry 
is disturbed (either by inaccurate circuit fabrication or by material variations around
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the ring), then two effects may occur at different frequencies and closely spaced nulls 
are produced. This effect can be seen in measured data, shown in figure 6.8.
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Figure 6.8: Mode splitting in direct coupled ring
This section has demonstrated that the direct coupled ring resonator can be used 
with confidence for extraction of the effective dielectric constant. The technique clearly 
demonstrates that Ce// can be measured accurately at frequencies where the gap cou­
pled resonator is too difficult to fabricate. For high precision work, it is possible that 
the proximity of the feed network may alter the effective length of the line - this effect 
will be more significant for wide feed lines.
6.3 Stripline Ring Resonator
One disadvantage of microstrip transmission line is that it has an inhomogeneous di­
electric, and thus does not support a pure TEM mode. At high frequencies, the hybrid 
microstrip mode is dispersive, and the effective dielectric constant is frequency depen­
dent. If the ring resonator is used to examine the dielectric constant of a material, 
then a method of calculating the effective dielectric constant of a microstrip for a given 
geometry is required. A stripline transmission line encloses the electric fields within a 
uniform dielectric, therefore can support a pure TEM mode, which does not suffer from 
dispersion, and has a phase velocity of c / m/s. Although the stripline geometry 
seems ideal for the ring resonator, there are some practical issues in fabricating it, as 
it requires buried conductors.
Figure 6.9 shows a cross section view of two different types of stripline. The con­
ventional form of stripline, shown on the left, supports two different modes as shown 
in figure 6.10. By shorting the top and bottom groundplanes together with vias, the 
parasitic mode can be suppressed. These vias must be closely spaced (less than a quar­
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ter of a wavelength). Some fabrication technologies allow solid vertical walls (which 
can also be considered as being formed of many closely spaced individual vias), and 
the structure forms a rectangular coaxial line. Although the rectangular coaxial line is 
a TEM waveguide structure, at high frequencies, it can also support TEno waveguide 
modes, although they will be distorted due to the presence of the inner conductor. The 
coaxial mode is also shown in figure 6.10, and it is seen that the field distribution is 
similar to that of the stripline dominant mode.
Groundplane
Conductor
Dielectric
Groundplane
Carrier
Figure 6.9: Cross section view of stripline (left) and grounded stripline (right)
Stripline mode Parasitic mode Coaxial mode
Figure 6.10: Electric field distribution in stripline
Although the effective dielectric constant is fixed in the stripline (and coaxial guide), 
the characteristic impedance of the mode depends on the width and height of the con­
ductor, and the metallic wall and groundplane separation. The ring resonant frequen­
cies are therefore insensitive to the geometry, however the Q factor of the resonances 
will vary as the different types of line have different losses.
6.3.1 Practical Im plem entation
Despite many practical advantages, the stripline waveguide is not as commonly used as 
might be expected due to the need to fabricating multi-layered circuits. This current 
work using the ring resonator to measure stripline waveguides appears to be unique. 
To fabricate the test circuits, a multi-layered photoimagable thick-film approach was
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used. The main advantage of using printed thick-film techniques is the ability to 
fabricate arbitrary three dimensional structures, with integrated vias. Although no 
special techniques were needed to fabricate the circuits, with the generic method given 
in chapter 4, the circuits were complicated and require description.
Figure 6.11 shows a scale cross sectional view of the fabricated thick-film circuits. 
Note that the thick-film conductors have approximately half the thickness of the di­
electric layers. 8 unique mask layers are required, and in total, 19 layers were printed, 
including the groundplane. The layers were produced sequentially, according to table
6.1. The exposure time refers to the Qintel Mask Aligner, which has a UV intensity of 
3.3mW/cm^. The total fabrication time was one month due to the need to print and 
fire each layer sequentially. The conductor was DuPont 6778 and the dielectric Hibri­
das HD 1000. Registration marks are present at the edges of all the layers to permit 
accurate optical alignment of each layer.
Conductor 1 
Dielectric 1 
Conductor 2 
Conductor 3
Dielectric 2
Ground
Alumina
Via 1
Via 2
Figure 6.11: Cross sectional view of thick-film circuit showing internal layers
The circuits have several features which take advantage of the thick-film process. 
Because the pastes are viscous liquids, they tend to fill up gaps on previous layers 
caused by shrinkage or minor blemishes. This ensures that the stripline circuits will 
have a homogeneous dielectric, without the air gaps that can form between layers when 
laminating circuits. Solid via walls were used in the stripline circuits, with small gaps 
to admit the coupling line. Because conductor layers 2 and 3 are separated by a single 
dielectric layer, strong coupling is possible between these layers if they overlap. For 
example, a 50/im square overlap should form a capacitor of more than lOfF, which is 
several times larger than the gap capacitance formed by end coupled microstrip lines 
of similar dimensions. The stripline circuits were fabricated on conductor layer 3, and 
their feedlines on conductor layer 2, using a small overlap to enable reasonable coupling.
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Table 6.1: Printing schedule for thick-film circuits 
Number Layer name thick-film paste Mesh size Exposure time
0 Ground DuPont 6778 180 <not required>
1 Dielectric 2 HDIOOO 250 30s
2 Via 2 Dupont 6778 180 40s
3 Dielectric 2 HDIOOO 250 30s
4 Via 2 DuPont 6778 180 30s
5 Dielectric HDIOOO 250 30s
6 Via 2 DuPont 6778 180 30s
7 Conductor 3 DuPont 6778 325 25s
8 Dielectric 2 HDIOOO 250 30s
9 Via 2 DuPont 6778 180 30s
10 Conductor 2 DuPont 6778 (85 20s
11 Conductor 2 DuPont 6778 325 20s
12 Dielectric 1 HDIOOO 250 30s
13 Via 1 DuPont 6778 180 30s
14 Dielectric 1 HDIOOO 250 30s
15 Via 1 DuPont 6778 3% 30s
16 Via 1 DuPont 6778 325 30s
17 Conductor 1 DuPont 6778 325 25s
18 Conductor 1 DuPont 6778 325 19s
Conductor 1 and the ground layer form the groundplanes, and solid vias on via layer 
1 and 2 were used for side walls.
As well as stripline circuits, rings were also fabricated using microstrip (with the 
ring on the top layer, conductor 1) and TE\q waveguide. Unfortunately, the waveguide 
circuit did not work, perhaps due to insufficient coupling, or excessively high loss. A 
ring was also present using stripline without a via fence to see if the ring resonances 
could still be measured.
Because of the three dimensional nature of the circuits, several failure mechanisms 
exist, most significantly interlayer short circuits. Several panels were made in parallel 
to try to minimise the risk of fabrication errors leading to failed circuits. The most 
common fault was short circuited gaps in the CPW feed (which are extremely narrow) 
or on internal layers. Once fired, the thick-film circuits cannot be modified.
A high resolution image of one of the panels is shown in figure 6.12. There are 9 
different ring resonators, and several through-line structures.
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Figure 6.12: Photograph of multi-layered thick-film stripline circuit
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6.3.2 Through lines
The test circuit of figure 6.12 includes two through lines using stripline. The transition 
sequence is CPW - microstrip - stripline - microstrip - CPW. As the impedance match 
requirements for the resonators are not severe, the feed lines only need to approximately 
match to 50S2. An annotated copy of the mask showing the through line is shown in 
figure 6.13. All of the vias connect down to the groundplane, and the stripline section 
contains a metallic top conductor which is not shown for clarity (the through lines can 
be seen vertically in the middle of the photograph). A cross section of the shielded 
stripline section is shown at the bottom.
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wall
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gap #  Microstrip 
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Microstrip 
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Conductor 1
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40pm Die! 2
80pm
Figure 6.13: Stripline through section
The two stripline through lines are different lengths - one is 2mm, the other 5mm. 
The measured S-parameters of this 5mm long through section are shown in figure 
6.14. The network analyser was calibrated using the LRRM technique using a CPW 
calibration wafer.
It can be seen that the strip line is quite lossy at high frequencies, showing a loss 
of around 0.5dB/mm at lOOGHz after accounting for the impedance mismatch. The
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impedance match is reasonable, with extracted data showing the line impedance to be 
around 250. The periodic nature of the frequency response is due to the moderately 
high VSWR on the line when fed with 500 CPW probes.
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Figure 6.14: Measured S-Parameters of stripline through section
The test circuit also contains microstrip through lines, which are located at the top 
left of the photograph (figure 6.12). The measured S-parameters for the 3.5mm line 
are shown in figure 6.15. In contrast to the stripline section, the microstrip through 
line performs much better. The insertion loss is extremely low, and the return loss is 
better than -lOdB, up to llOGHz. This through line section can be compared with a 
similar one fabricated on the polymer using etched copper in chapter 5. Because the 
vias in the thick-film circuits have a very low impedance, they work much better than 
the conducting paint versions used in the polymer circuits of chapter 5.
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Figure 6.15: Measured S-Parameters of microstrip through section
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6.3.3 R ing Circuits
In this section, the performance of some of the rings will be analysed. Table 6.2 
gives dimensional details of all the rings. Note that these are mask dimensions, and 
that the conductor shrinkage will reduce the width of lines by about 20/zm. This 
shrinkage was found to vary with the layer thickness and number of prints, and has not 
been accurately characterised. As well as gap coupling, the multi-layered fabrication 
technique also permitted overlap coupling, which behaves similarly to gap coupling and 
is illustrated in figure 6.17.
Table 6.2: Details of rings on multi-layer thick-film circuits
Number Type Coupling Track width Side wall width Radius
1 Stripline Overlap 60/Lim 250//m 5mm
2 TBio Waveguide Probe N/A 1mm 5mm
3 Stripline Direct 160//m 250/zm 5mm
4 Stripline Direct 60//m 250/rm 5mm
5 Stripline Overlap 60/L^ m N/A 2.5mm
6 Stripline Overlap 60/zm 500/im 2.5mm
7 Stripline Overlap 60/im 250/Lim 2.5mm
8 Microstrip Direct 160//m N/A 5mm
9 Microstrip Gap 160//m N/A 5mm
Although the stripline circuits have different dimensions, and will consequently have 
different characteristic impedances, their effective dielectric constants should all be the 
same. Ring 2 showed no measurable resonances. It is thought that this is because 
the probe feed through the side of the waveguide did not extend far enough inside 
the waveguide and resulted in coupling that was too weak. In a T Eio waveguide, the 
electric field is zero at the side walls, so an open probe feed will not excite this mode 
unless it protrudes well inside the waveguide.
As expected, ring 5 showed a large number of spurious resonances. Because the top 
conductor on this ring was only grounded with localised vias, a parasitic microstrip was 
set up using this top conductor. Because the top conductor is 7mm wide, it supports 
a large number of resonant modes above 9GHz, with grounding vias forcing various 
patterns. The surface current density of some of the low order modes are shown in 
figure 6.16. The stripline feed couples to the microstrip mode very tightly, and the 
large number of resonances prevented any meaningful measurement of the stripline 
modes. This experiment confirms the need for shorting vias to suppress the parasitic 
microstrip type mode.
Figure 6.17 shows part of the mask used to make ring 6. The figure shows the 
various different layers required to build the multi-layered circuit. All of the stripline 
rings used a similar layout, with the dimensions varying as in table 6.2. It should be 
pointed out that the printing order only permits exposed conductors on layer 1 and 2,
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Figure 6.16: Momentum simulated surface current density for ring 5
as conductor 3 is covered by one printing of dielectric 2. This means that the direct 
coupled rings had to be printed on conductor layer 2, to permit the CPW pads to be 
uncovered. The overlap coupled rings are on conductor layer 3.
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Figure 6.17: Layout of stripline ring resonator
Figure 6.18 shows the extracted effective dielectric constants of all rings except for 2 
and 5. The dispersive nature of the microstrip lines is clear, with an effective dielectric 
constant varying between 5 and 5.5. The stripline rings show very little variation 
in effective dielectric constant with frequency, with Cejj ~  8. There is a difference 
between the gap/overlap coupled rings (1,6,7,9) and the direct coupled rings (3,4,8). 
The conclusion from the previous section was that there was no significant difference 
between the gap and direct coupled ring resonators, so this result is surprising.
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Figure 6.18: Extracted dielectric constant of thick-film ring resonators
6.3.4 Extraction  of m aterial d ielectric constant
In view of the surprising results from the direct coupled resonators, this section will 
consider results from the loosely coupled resonators, that is rings 1,6,7 using stripline 
and ring 9 using microstrip. It is thought that the tight coupling offered by the direct 
coupled rings has perturbed the resonances by distorting the ring fields, so the loosely 
coupled rings are thought to offer a more accurate measure of the effective dielectric 
constant.
In theory, the effective dielectric constant of the stripline resonators should equal 
the material dielectric constant, so should form a cross check with the microstrip data. 
Because knowledge of the substrate height is needed for microstrip parameter extrac­
tion, part of the circuit includes “holes” in the dielectric. Using a surface profile meter, 
it is possible to measure the depth of the holes, and so work out the height of the 
dielectric. A diagram of this test section, photograph of the circuit at this point and 
the surface profile is shown in figure 6.20. The profile shows that dielectric 1 is 25/^m 
thick, and dielectric 2 is 58/im, giving a total thickness of 83/im. If it is assumed that 
the top conductor is the same thickness as conductor 2, then the conductor thickness is 
approximately 16/im. Previously, it has been possible to neglect the conductor thick­
ness, as it has been small relative to the dielectric thickness, however this circuit has 
a conductor thickness which is only 0.19 times the dielectric thickness. This will be 
considered in the next section.
Temporarily ignoring the conductor thickness, and applying Kirshning’s [13] model 
for microstrip dispersion, the material dielectric constant has been estimated from the 
measured data of the microstrip gap coupled ring (ring 9). As this ring uses the same 
dielectric as the stripline rings, all four rings should show the same material dielectric
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Figure 6.19: Extracted ignoring conductor thickness
constant. This data is shown in figure 6.19, and it can be seen that there is a very 
large discrepancy between the microstrip and stripline ring data.
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Figure 6.20: Surface profile location, schematic cross section of circuit and measured 
profile data
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6.4 M icrostrip w ith thick conductors
Most microstrip design equations assume geometries where the conductor is thin in 
comparison with the track width and dielectric height. At low frequencies, where the 
dielectric is of modest thickness, it is common for the conductor thickness to be less 
than 1% of the dielectric thickness. The previous section showed a microstrip line 
where the conductor was almost 20% of the dielectric thickness. In this case, there is a 
significant electric fringing field around the conductor in the air, which tends to lower 
the effective dielectric constant. Unfortunately, all of the commonly used dispersion 
expressions for ee//(/) have been produced ignoring the conductor thickness [13],[15]. 
These papers used spectral domain techniques [48],[52] which model the conductors as 
being infintesimally thin, due to the use of one dimensional integrals (i.e. the vertical 
current density is neglected). Although analytical techniques are available to cope 
with thick conductors such as mode matching [54], they are extremely complicated and 
no easy-to-use curve fitted data appear to have been produced for microstrip design. 
The finite conductivity of the conductor adds an extra problem to the analysis, and 
significantly affect the dispersive characteristics [30].
As well as the effective dielectric constant, the conductor thickness plays a very 
significant role in the conductor loss, with thicker conductors tending to produce lines 
with lower loss. As the frequency is increased, the skin depth decreases, so the con­
ductor loss increases [63].
Because the behaviour of microstrip at high frequencies using thick conductors is 
difficult to model, the analysis falls into two categories: quasi-static analysis where the 
frequency dependent effects are ignored, and full-wave analysis which requires consid­
erable computer power to evaluate, but can produce robust data. All of the published 
microstrip “design equations” use quasi-static assumptions to handle thick conductors 
by modifying the DC value of Cg//, and finite conductivity is ignored. Whilst this is 
valid at low to moderate frequencies, at higher frequencies, these assumptions may be 
questionable.
In this section, a comparison between the most recently published design equations 
will be made for calculating Cg// for a microstrip with thick conductors. The metal will 
be assumed lossless. Hammerstad and Jensen’s procedure, despite being published in 
1980 [14] does not appear to have been improved upon. The equations are reprinted in 
a more accessible form in a recent paper concerning thin film microstrip lines [66]. The 
results from this paper contain very accurate expressions for working out the static 
effective dielectric constant (to better than 0.03%). The accuracy of the thickness 
correction is not specified, nor are any limits placed upon e^ , the thickness, width or 
substrate height for the corrections.
In order to verify these equations for the thick-film microstrip lines used in the
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previous section the method of Hammerstad and Jensen was used for a microstrip line 
of height 80/im, width 140//m, and of 8. A variety of different conductor thicknesses 
were tested. These theoretical values were compared against full wave simulations 
using CSX Microwave. These simulations used the port de-embedding procedure to 
calculate Ce//, even though a very fine mesh was used (100 cells per wavelength at 
50GHz) the accuracy of the results is not known. The calculated and simulated results 
are shown in figure 6.21. The results agree to better than 0.5%. For reference, the graph 
also includes static values of 6e// calculated according to Bahl[67], also quoted in the 
textbook “Microstrip lines and Slotlines” [68] which seems to give rather inaccurate 
results.
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Figure 6.21: Theoretical and simulated eg// as a function of thickness
The effect of the conductor thickness on the thick-film microstrip line can now be 
deduced. Hammerstad and Jensen’s method is used for working out eg// at DC is 
employed, then Kirschning’s formula for dispersion is used. The results of including 
the thickness corrections on the microstrip line are shown in figure 6.22. Compared 
with the data ignoring the conductor thickness (shown in figure 6.18), the dielectric 
constant is seen to change by approximately 0.5 (a 7% increase).
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Figure 6.22: Extracted e^. including microstrip conductor thickness (compare with
figure 6.18 ignoring conductor thickness
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6.5 Discussion
This chapter has presented data taken with two new types of ring resonator, as well 
as incorporating the effects of the conductor thickness on microstrip lines. The direct 
coupled ring resonator has been analysed, and is shown to behave like an interferometer, 
by cancelling out of phase signals that travel both directions around a ring. Although 
this ring is shown to produce deep nulls at resonance frequencies, the nulls are only 
present at odd resonances, unlike the gap coupled resonator that shows a peak at every 
resonance.
The ring resonator has also been shown to work using stripline transmission line 
on a multi-layered thick-film process. Similarly to the microstrip case, the ring can be 
directly coupled or loosely coupled. The main advantage of using stripline is that it 
ideally shows no dispersion, with the effective dielectric constant equal to the material 
dielectric constant.
By comparing rings fabricated using microstrip and stripline on the same substrate, 
even accounting for the microstrip dispersion, it was found that there was a large 
difference in extracted e^ . for the lines fabricated using microstrip and those fabricated 
using stripline. When the effect of the conductor thickness on the microstrip lines was 
included, the difference reduced, but is still significant. It is possible that the resonant 
frequencies of the stripline rings has been lowered due to over coupling - this would 
lead to €eff being over estimated.
6.5.1 M icrostrip
This chapter has described two multi-layered thick-film circuits, both of which contain 
microstrip ring resonators using the same dielectric. By accounting for the dielectric 
thickness, track width and conductor thickness, has been extracted for all of the rings 
and plotted in figure 6.23. The graph distinguishes between direct and gap coupled 
rings, and also between the rings from the first circuit in this chapter which are referred 
to as “Type A” (figure 6.5) and the rings from the stripline circuit referred to as “Type 
B” (figure 6.12. One type A circuit was tested (3 gap rings, 3 direct coupled rings), 
and 5 type B circuits (5 gap rings and 5 direct coupled rings). The 5 type B circuits 
are identical, within the tolerances of the fabrication. Although the rings on the two 
different circuits had similar dimensions, the type B circuits have significantly more 
layers, and so have been fired more times which may have affected the behaviour of 
the dielectrics.
The following points can be made:
1. The gap coupled rings show small scatter and converge well
2. The direct coupled rings of type B show a lower
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3. The graph does not show strong frequency dependence
4. There is variability between the circuits
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Figure 6.23: Extracted 6r of all thick-film microstrip rings.
One possible explanation for why the gap coupled rings of type B show a systemati­
cally reduced Cr compared with the direct coupled rings of type A is that the feed width 
was different. Although all circuits had approximately the same dielectric thickness, 
the feed width for the type A circuits was around 70/xm and it was 140//m for the type 
B circuits. This may affect the effective length of the rings, as the feed line directly 
impinges on the ring. Excluding the direct coupled rings, the extracted value is 
around 7.6.
The variability between the circuits is difficult to explain, but may be due to the 
manual method of printing the circuits, which causes slight differences in the thicknesses 
of the layers. In addition, some layers were poorly fabricated, cleaned off and re-printed 
which may have resulted in contamination on the circuits.
The final point to make concerning the microstrip circuits concerns the metal thick­
ness and track widths. The static formula for calculating the effective dielectric con­
stant of a microstrip contains a thickness correction factor which is subtracted from 
the t = 0 effective dielectric constant[67]. Whilst not perfectly accurate, it will suffice 
for discussion. The factor is:
CF 6j- — 1 t jh
4.6 y/wjh (6.5)
Which shows that the conductor thickness is significant if t /h  is large or w/h  is 
small. For these thick-film circuits (especially the type B circuits, where the conductor
thickness is around 16/zm) this factor is significant. Figure 6.24 shows the surface 
profile of one of the conductors on the type B circuit. The conductor is far from flat, 
which may influence the field distribution. The conductor thickness was assumed to 
include the height of the “ears” but this may not be optimum. As the substrate is so 
thin, the circuits become extremely sensitive to conductor thickness, so errors can arise 
if narrow tracks are used.
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Figure 6.24: Surface profile of a thick-film conductor
6.5.2 Stripline
Having plotted the extracted results of the 16 thick-film microstrip ring resonators on 
one graph, it is useful to also consider all of the stripline rings. Only the type B circuits 
contain stripline rings; the dimensions were given in table 6.2. 5 different sizes of ring 
were tested, and the results were taken from 4 circuits. Not all of the rings worked on 
all of the circuits due to short circuits on the inner layers or poor quality CPW probe 
pads on the top layer. The results are shown in figure 6.25.
The figure shows that, similarly to the microstrip case, the direct coupled rings 
(square symbols on graph) show a systematic offset from the loosely coupled rings. 
This offset appears higher at low frequencies, which may be due to the fact that the 
fringing fields spread over a greater physical distance at low frequencies, which causes 
a larger disruption of the ring fields. Figure 6.26 shows the simulated surface current 
density on a direct coupled stripline ring resonator. The colours on the diagram show 
the intensity of the surface current density, with blue colours being low intensity and 
red colours being high. This type of plot is able to show the standing wave pattern on 
the ring, as the current minima show up as blue areas. The ring is resonating at its 3rd 
resonance, hence there are 6 visible current minima (blue areas). Although the feeds
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Figure 6.25: Extracted for all thick-film multi-layer stripline rings
are out of phase, it can be seen that on the right-hand feedline, the surface current 
density is non zero close to the ring indicating held distortion.
field distortion
Figure 6.26: Distortion of surface current density near to feeds. Blue/green colouring 
shows current density minima, red shows higher surface current density
Excluding the direct coupled rings, the data show a small spread, around the average 
extracted value of around 7.9. This value is higher than that given by the microstrip 
circuits, although the overlap coupling may load the rings excessively and change the 
held distribution near to the feeds.
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6.5.3 Conclusion
This chapter has presented two new ring resonator structures. Firstly a direct coupled 
topology, which uses the ring as an interferometer, resulting in nulls at resonance. Also 
presented were stripline/ co-axial ring resonators, which fully enclose a conducting track 
inside a dielectric filled metal cavity, resulting in a structure which has no significant 
dispersion. These new structures have been used in an attempt to measure the relative 
permittivity of a thick-film material, and results compared with the conventional gap 
coupled microstrip structure. Although convergence was obtained between the different 
techniques, some differences still remained between the extracted Cr values. The direct 
fed resonators have the potential to significantly distort the ring fields in the vicinity 
of the feeds due to the non-zero physical size of the feeds. Because the direct coupling 
technique offers a low insertion loss, it is possible to use this technique at very high 
frequencies, where microstrip gap coupling is too weak.
Multi-layered coupling was also demonstrated with the stripline rings. Whilst this 
had the advantage that improve coupling could be achieved compared with edge cou­
pling, the feed had some distorting effect on the ring fields which shifted the resonant 
frequencies slightly.
Chapter 7
Curvature
7.1 Introduction
The microstrip ring resonator is a well established technique for characterizing mi­
crowave substrates, and has been used at frequencies up to 220GHz[5]. Most analyses 
of the ring resonator use transmission line approximations for modelling the ring, which 
ignore the curvature of the ring. The curvature of the ring causes two problems which 
are not readily solved with the transmission line model:
1. The resonant frequency shifts slightly
2. Radiation losses occur
Both of these factors can decrease the accuracy of measurements made using the 
ring resonator technique [4]. Historically, the ring resonator has been used to carry 
out experiments on microstrip dispersion, and previous studies have been unable to 
accurately resolve the ambiguity in the shift in resonant frequency due to dispersion 
and curvature [12]. This chapter uses an electromagnetic analysis to model the ring 
which includes the effects of curvature, and experiments were carried out on a series of 
resonators to validate the predictions of the theory.
7.2 Electrom agnetic analysis of resonant frequency
The resonator was modelled using a combination of the planar waveguide model [11] 
and the cavity model, and the feed networks ignored. The planar waveguide model 
allows the non homogeneous dielectric of the microstrip to be transformed into a planar 
waveguide, which is filled with a uniform dielectric of permittivity Cg//- The height of 
the waveguide is the same as that of the microstrip (/i), but the line width is modified 
from w to Wgyy, in order to keep the line impedance the same in the two different types 
of waveguide. This is illustrated in figure 2.1. The ring radius is unmodified. In this
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model, a microwave cavity is assumed to be formed between the printed ring conductor 
and the groundplane. The conductor is assumed to be perfect and fringing fields are 
neglected so that the electric field is confined to the dielectric, between the conductor 
layers [29]. The geometry is set up in the cylindrical coordinate system shown in figure
7.1.
microstrip feed
coupling gap
Figure 7.1: Cylindrical coordinate system
Assuming h \g, the electric field in the z direction is almost constant. Because 
the conductor is very thin compared to the height of the substrate, there is very little 
current flowing in the z direction so there can be no Hz magnetic component. Ad­
ditionally, continuity requires that all current density must be continuous, therefore 
there can be no current at the edge of the strip normal to the strip edge. This in turn 
implies that at the strip edge, there must be no tangential component of the magnetic 
field. Thus the magnetic field must exit the edge of the patch normal to the edge, 
hence imaginary magnetic conducting walls can be placed vertically at the edge of the 
conducting sheets. Similarly, as the conductor is assumed to be perfect, no electric 
field exists across either conductor. These assumptions allow the boundary conditions 
imposed by the structure to be simplified and Maxwell’s equations can be solved in the 
region.
Since there is no variation of the electric field in the z direction, the field distri­
bution is TM in the z direction. Various modes can exist, of the form TM^^ where
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n corresponds to variation in the (p direction (around the ring) and m corresponds to 
variation across the width of the ring, p. In the cavity model, the microstrip top and 
bottom conductors are assumed to be perfect electric conductors, and vertical mag­
netic walls are added at the edges of the strip, as shown in figure 7.2. By application of 
the boundary conditions and solution of Maxwell’s equations, the resonant frequency 
can be calculated from a well known equation. The derivation of this is given in the 
appendix at the end of the chapter.
(7.1)
Magnetic wall Electric wall
p=b p=bp=a p=a
Figure 7.2; Electric and Magnetic walls due to the planar waveguide model
7.3 Resonance frequency shift due to curvature
If a ring resonator is constructed from a one dimensional transmission line, then the 
resonant wavenumber {kn) can be written by inspection, as the line will resonate when 
the length (/ =  2nr) is an integer number of wavelengths.
kr
27rn
~ T
2n 
Cb -\- b (7.2)
Equation (7.2) suggests that the resonance frequencies are precisely harmonically 
related, and independent of the ring width (the concept of width does not exist in a 
one dimensional transmission line). By solving (7.1) for kn and varying the width, it 
is possible to see how the resonant frequency depends on the width {w = b — a) oî 
the line. Figure 7.3 shows a plot of the solution of (7.1), normalized to the resonance 
number n for the first ten resonances. Without loss of generality, the radius was set 
to 1. The equivalent result for normalizing (7.2) to the resonance number would be 
straight line {kn =  1).
Figure 7.3 shows that as the ring curvature decreases {w/r 0), the normalized
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Figure 7.3: Normalised solution of eigen equation
resonant wavenumber rapidly tends to 1. Therefore, for rings where the radius is 
large compared with the width, the resonant frequencies can be accurately calculated 
with the simple linear approximation of (7.2). For curved rings, there may be sig­
nificant deviation away from the linear approximation, especially at higher modes. If 
unaccounted for, this may cause considerable error when using the ring resonator for 
materials characterisation.
7.4 Radiation fields
The cavity model can also be used to calculate the radiation fields from the ring res­
onator. To compute the electric (far) fields, it is convenient to change to spherical 
coordinates and neglect the height of the ring. The electric field across the vertical 
apertures on the inner and outer edges of the ring produce radiation. Using Huy­
gens equivalence principle[2] these vertical electric aperture fields can be replaced by 
equivalent surface magnetic currents flowing around the edges of the ring.
Figure 7.4 shows the equivalent magnetic currents flowing around the inside (M"/) 
and outside [M q] of the ring. The magnetic current sources are assumed to flow on 
the top of the ring with corresponding images in the ground plane. The exact location 
of these magnetic sheet current sources is a source of some speculation. Bahl and 
Stuchly [24] assume them to be line sources located at a and h whereas Das, Das and 
Mathur [20] assumed them to have a uniform radial distribution and located between 
a and a — h (inner current) and b and b + h (outer current). Assuming the currents 
to be of the form of sheets rather than lines significantly complicates the analysis
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p=a
Figure 7.4: Magnetic currents in spherical coordinate system
resulting in very complicated expressions. No analysis comparing the two techniques 
appears to have been carried out, but both seem to offer reasonable results. In reality, 
several simplifying assumptions in all of these electromagnetic analyses could quite 
easily nullify the extra effort in obtaining “exact” expressions. Although this width 
is arbitrary [24], it is commonly used and accounts for the fringing fields having an 
exponential decay with distance [19]. There are a pair of image currents flowing in the 
ground plane. In calculating the radiation fields, several simplifying assumptions will 
be made:
1 . The equivalent magnetic current distributions are uniform in the radial direction
2. The equivalent magnetic currents exist only in the regions a — h < p < a and 
h < p < h + h
3. The equivalent magnetic current distribution varies only sinusoidally with (j)
4. The substrate is thin enough to neglect the phase difference between the magnetic 
currents and their images in the ground plane.
A diagram showing these assumptions is given in figure 7.5
By continuing the electromagnetic analysis of the ring, it is possible to work out 
the radiation resistance of the ring, due to the radiation caused by these curved edge 
currents. The derivation is given in the appendix. The radiation resistance can be 
calculated by noting that equation (7.45) (in the appendix) expresses the fields in 
terms of E q. At the feed point, the voltage Vq can also be represented in terms of the 
electric field therefore
V f i  —  ^z\p=b,/^=0
(7.3)
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Figure 7.5: Magnetic currents
7.5 Practical verification
7.5.1 Change in resonant frequency due to  curvature
In order to verify the effects of curvature in terms of frequency shift and radiation, a 
series of ring resonators were designed on 508/rm RT Duroid 5880 with large curvature. 
To carry out comparisons, all of the resonators were designed to have the same width. 
By using the linear ID transmission line resonance equation (7.2), it can be seen that 
if a series of rings was constructed such that = p.n where p is  a constant and i is the 
ring number, then all of the rings should exhibit a resonance at the same frequency. 
Using the equivalent circuit for the ring resonator described in chapter 3 and [7], the 
ring is modelled as a parallel LCR circuit made from a transmission line of length I 
with line loss a Np/m and characteristic impedance Zq\
R 2Tira ’
n7T
ZqUJji
L 1 (7.4)
The loss resistance is made up of two components, firstly due to conventional microstrip 
line losses (dielectric and conductor), and a second component due to the radiation loss 
which can be deduced from (7.3) by working out the voltage at the feed {p = b,(f) = 
0, 2  =  h) in (7.34). Unfortunately, it is not straightforward to normalize (7.45) in the 
same fashion as was carried out for (7.1) as the radiated power depends additionally 
on the relative dielectric constant and the substrate height. The (unloaded) Q factor 
for a parallel LCR circuit is
(7.5)
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The total Q factor, Qt  will have a factor due to microstrip loss (Qm ) and radiation 
loss, (Qr )
Additionally, from (7.6), since li = 27rr^  the total Q factor, Qt is given by
—— =  2c(olm +  cx-r )  (7.7)
QTi
Because each ring is being operated at the same frequency, the line loss («m) should 
be constant, and variations in the loss due to radiation can be studied. The first ring 
{i = 1) is measured at n =  1. The second ring, which has twice the radius of the 
first, is measured at resonance n =  2, and so on. Because all of the rings have the 
same width (2.00mm), and coupling gap (300//m after etching) the line loss should 
remain constant, and any perturbation of the fields due to the proximity of the feed 
line should remain roughly constant between all of the rings. Similarly, variations in 
the material properties with frequency will not affect the measurements. Table 7.1 
shows the approximate resonance frequencies, using the linear frequency prediction, 
and assuming that the first resonant frequency of the 2.00mm radius ring is 17GHz.
Table 7.1: Approximate resonant frequencies and radii
Ring number
(7l)
Resonance frequency 
n =  1 (GHz)
Resonance frequency 
n = i (GHz)
Radius
(mm)
1 17 17 & 0 0
2 8.5 17 4.00
3 5.67 17 6 . 0 0
4 T25 17 & 0 0
5 3.4 17 1 0 . 0 0
6 2.83 17 1 2 . 0 0
7 2.43 17 14.00
8 2.13 17 16.00
9 IJ # 17 18.00
For this family of ring resonators, the ID transmission line resonance equation (7.2) 
states that all of these rings should have a resonance at
kn = — =  ---------=  500m“  ^ (7.8)r 2mm.n
The solution of the resonance eigen equation (7.1) includes the 2 mm width of the ring 
and is plotted in figure 7.6. The rings with low curvature (i.e. a large radius) tend 
towards kn = 500m“ ,^ but the low radius rings resonate at a slightly higher frequency 
than expected due to their increased curvature.
Nine gap coupled rings were fabricated on RT Duroid^ and their frequency response
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Figure 7.6: Solution of (7.1) for ring width=2 mm, radius=n.2 mm
measured around 17GHz. In order to minimise unwanted variation between the dif­
ferent rings, they were all fabricated simultaneously from a single sheet of RT Duroid. 
This minimises variation in width due to undercutting in the etching process, and en­
sures that the rings all share a common substrate properties. Although undercutting 
is inevitable during circuit manufacture, by simultaneously etching all circuits, they 
should all be undercut by the same amount. Because the inner and outer edges of the 
rings should undercut by the same amount, the radii of the rings will not be affected, 
only the width. An image of the mask is shown in figure 7.7. The microstrip feedlines 
are approximately 50D and the coupling gap is 150/2m, which is the smallest dimension 
that the University standard PCB fabrication process can image.
The rings were cut into individual circuits, and mounted in a Wiltron 3860K mi­
crostrip jig for testing. The transmission was measured using a 85IOC network analyser, 
calibrated using the LRRM scheme around 17GHz. Accurate calibration was not nec­
essary, as only the S21 parameter was required. Figure 7.8 shows the ^'21 measurements 
of the nine rings.
The measured data clearly shows that the rings have different Q factors, and there 
is some variation in the peak of the resonance curve. The large variation in the Q 
between the rings is particularly significant, as (7.7) shows that the only component 
that can cause a change in Q factor is the radiation loss. This is because the microstrip 
line loss should be constant in all the rings.
In order to account for the loading effect of the feed lines, the equivalent circuit 
model described in chapter 3 was used to extract the ring data, and these data are 
shown in Table 7.2.
ADS Momentum was also used to simulate each of the rings. Because Momentum
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n = l n= 3 n = 2
Figure 7.7: Mask image for RT Duroid circuits. Ring width is 2.00mm.
Table 7.2: Extracted ring data (measured data)
n Capacitance
C
pF
Inductance
L
pH
Resistance
R
n
Gap Capacitance 
fF
Q factor
Q q
Resonant
frequency
GHz
1 0.659 126.062 337 25.6 2T4 17.463
2 1.298 66.399 441 24.6 62 17.146
3 1.944 44.55 453 27.5 95 17.103
4 2.602 33.35 432 22.8 1 2 1 17.086
5 3.238 26T2 481 228 168 17.11
6 3.912 22.271 469 22.8 196 17.05
7 T561 19.16 528 19.7 257 17.015
8 5.2 16.818 455 17.7 253 17.021
9 5.968 14.61 395 2 1 252 17.048
uses a full-wave method of moments analysis, it can also simulate the effects of the ring 
curvature, including the resonant frequency shift and radiation losses. Each ring was 
simulated around 17GHz, and the data fitting procedure applied to the ^'21 results in 
order to determine the equivalent circuit components. These data are very similar to 
the measured data, and the extracted parameters are shown in Table 7.3. The largest 
discrepancy between the extracted (measured) data and the Momentum data is in the 
loss resistance, and it is thought that this is due to Momentum’s method of calculating 
conductor loss which neglects surface roughness.
In order to test the theoretical analysis described here, the data from (7.1) will be
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Figure 7.8; Transmission measurements of two port rings around 17GHz 
Table 7.3: Extracted ring data (Momentum simulated data)
n Capacitance
C
pF
Inductance
L
pH
Resistance
R
Ü
Gap Capacitance 
fF
Q factor 
Qo
Resonant
frequency
GHz
1 0.634 130.35 351 22.9 24^ 17.508
2 1.293 66.94 422 24.2 59 17.239
3 1.933 44.43 434 23.4 104 17.170
4 2.591 3224 530 21.4 148 17.149
5 3.234 26.67 613 20.8 213 17.139
6 3.907 22.105 591 21.2 249 17.126
7 T545 19.027 555 20.8 271 17.116
8 5T67 16.742 639 120 355 17.113
9 5.839 14.871 679 127 426 17.109
shown. This gives the ring resonant wavenumber (kn), so it is necessary to calculate 
the resonant frequency. The guide wavelength and wavenumber are closely related:
k
27rn
(7.9)
And so the resonant frequency is given by
\ / ^ef f ( fn)
knC
27T-\/ee//(/n)
(7.10a)
(7.10b)
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Matlab functions were created which take physical dimensions as inputs and give 
the effective dielectric constant Cg// as a function of frequency. These expressions ac­
counted for conductor thickness according to Hammerstad[14] and dispersion according 
to Kirschning[13]. These expressions for eg// are believed to be accurate to within 1 %. 
Because of the recursive dependence of eg//(/n) on /„, it is necessary to iterate (7.10) 
several times to obtain /^. Because of the the comparatively weak frequency depen­
dence of Ce//(/) four iterations provide convergence to better than 5 significant figures. 
Using w =  2mm, h =  508/zm, t =  17/rm, =  2.2 gives e^ff =  1.942 at 16.5GHz and
€g// =  1.944 at 17.5GHz. These figures agree to within 0.15% of the effective dielec­
tric constant predicted by the ADS Linecalc tool, which give the effective dielectric 
constant to 3 decimal places, but the algorithm is not well documented.
The extracted resonance frequencies from the measured data. Momentum simulated 
data and this theoretical analysis are presented in figure 7.9. The measured data is 
in very good agreement with both the simulated data and the theoretical data. The 
measured resonance frequencies of the rings are consistently below the theoretical data. 
This can be accounted for by raising the dielectric constant used to generate the plots 
by 0 .0 2 , which is within the manufacturer’s tolerance - =  2 . 2 0  ±  0 . 0 2  (specified at
lOGHz only). The graph clearly shows that the theoretical analysis accurately predicts 
the frequency shift. The Momentum data is also in excellent agreement with the 
theoretical data, especially when the ring radius is large.
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Figure 7.9: Variation of resonance frequency due to curvature
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7.5.2 Change in Q factor due to  curvature
The unloaded Q factor of each of the rings is also easily determined from the extracted 
equivalent circuit data, by using (7.5). There are two sources of loss in the ring res­
onator; loss due to materials and radiation losses. In this section, the losses due to 
conductor loss and dielectric loss have been calculated using standard microstrip design 
equations [29], whereas the radiation losses are calculated using the theory developed 
in this chapter. The parameters of the RT Duroid are specified mainly at lOGHz, and 
are given in Table 7.4.
Table 7.4: RT Duroid 5880 parameters
2.20 (lOGHz)
tan 6 0.0009 (lOGHz)
Conductivity (Cu) 4.1 * 10  ^ S/m
Thickness of Cu 17/im
rms surface roughness of Cu lAjim
Height 508//m
As described in the section on the radiation fields, the radiation loss resistance 
calculation can be carried out using either the ring physical width (w = b — a), or 
using the planar waveguide width (iCe// = be — Og). Because of the simplifications 
imposed by using planar waveguide model, it is not realistic to state which “width” is 
the correct one, so the data will be presented using both. Antenna analysis using the 
planar waveguide usually use the equivalent width [29], but it is important to point
out that that this construction is somewhat artificial. The equivalent width is found
from [29]
^  M f W T J W
and
tte = a P w / 2  — Weff/2 (7.12a)
be = b — w j2 -|- Weff/2 (7.12b)
Where Zq is the characteristic impedance of the microstrip line, and Og, 6 g are the 
effective inner and outer radii.
Figure 7.10 shows the Q factor contributions from dielectric loss (Qd ), conductor 
loss (Qc),  radiation loss assuming the effective width (Qiî^e) the radiation loss 
assuming the physical width {Qn^). The graph shows that the Q factor due to the 
conductor losses is constant at 400, and the Q factor due to the dielectric losses is 
constant at 1250. The small difference in resonance frequencies between the rings does 
not affect the loss. The radiation losses vary significantly, with the radiation losses
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dominating for the rings with largest curvature. There is a considerable difference 
between the predictions using the effective width and the physical width. The effective 
width calculation predicts more radiation (lower Q factor) due to the increased ring 
width.
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Figure 7.10: Q factor contributions for rings at 17GHz.
Figure 7.11 shows the measured Q factor (includes all loss sources) compared with 
the Momentum simulated figure, and values predicted by the theoretical analysis. It 
should be pointed out that the Momentum package does not include an option to 
include surface roughness into the metallic loss calculation, which is known to introduce 
significant extra loss, and probably explains the anomalously high Q factors predicted 
for the less curved rings where conductor loss dominates. It is seen that the Q factor 
predicted by this work using the effective width fits the experimental data well. The 
Q factor using the physical ring width for the radiation loss is a reasonable fit, but 
underestimates the losses.
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Figure 7.11: Qt for rings at 17GHz, including all loss contributions
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7.5.3 R adiation  m easurem ents using the ring resonator
As has been demonstrated, the ring resonator radiates power, and can be considered to 
be a somewhat inefficient and narrowband microstrip antenna. As part of the derivation 
of the radiation resistance, as presented in the Appendix at the end of the chapter, 
expressions for all of the radiation fields have already been derived. The antenna 
directivity is easily derived to be [24]
n  _  ^0 +  VobeŸ
^  “  240P^
where % and are the voltages measured at the inner and outer ring edges, and can 
be found from (7.42) in the appendix at the end of the chapter. For the annular ring 
antenna, this directivity maximum occurs along the axis of the ring, perpendicular to 
the plane of the ring. The gain of the antenna can be measured by experiment, and the 
difference between the gain and directivity is directly due to losses within the antenna 
structure. This allows the antenna radiation efficiency to be calculated.
The free space path loss between two antennas separated by a distance d is
F S P L  = 20logio = 20logio ( ^ 1  dB (7.14)
By applying power to one ring resonator “antenna”, and recording the power re­
ceived by a second, placed a known distance apart, it is possible to deduce the antenna 
radiation efficiency, assuming that all of the loss mechanisms can be accounted for.
Two sets of resonators were fabricated on RT Duroid 5870; the parameters are 
listed in Table 7.5, and a photograph is shown in figure 7.12. The directivity of the 
ring antennas has been calculated using the directivity equation, assuming the effective 
ring widths. The results from this experiment were presented at an IMAPS conference
[4].
Table 7.5: RT Duroid 5870 parameters
€r 2.33 (lOGHz)
tan# 0.0012 (lOGHz)
Conductivity (Cu) 4.1 * 10  ^ S/m
Thickness of Cu 17/im
rms surface roughness of Cu lAf im
Height 1.575mm
Ring radius 1 17.5mm
Ring width 1 1 mm
Ring radius 2 6.9mm
Ring width 2 1 .6 mm
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Figure 7.12: Photograph of ring “antennas” on RT Duroid 5870
Two sets of rings were fabricated, which are identical within production tolerances 
and were mounted on tripods in an anechoic chamber facing each other, separated by 
a distance of 2 .1 m. One was connected to a microwave signal generator, the other to a 
power meter and the transmission loss measured. By accounting for the free space path 
loss, cable loss, mismatch loss and directivity, it is possible to calculate the antenna 
gains. The difference between the antenna gain and the directivity is the radiation 
efficiency. Unfortunately, due to manufacturing tolerance and very sharp frequency 
response, the two pairs of antennas do not resonate at precisely the same frequency. 
This requires making the assumption that the radiation efficiency and radiation prop­
erties do not vary much about the resonant frequency, only the mismatch factor. The 
mismatch factor shows the fraction of the available power absorbed by a mismatched 
load, and is calculated according to:
(7.15)
|5'ii| has been measured for all of the ring structures around the first resonance.
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Figure 7.13: Diagram showing link budget calculation
The frequency of the signal generator was adjusted to give the maximum signal on 
the power meter; this occurs when the sum of the two mismatch factors is lowest. The 
measurements results are shown in Table 7.7. It is assumed that each patch of the pair
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Table 7.6: Calculated, theoretical ring antenna parameters
Ring 1 Ring 2
Directivity (dB) 7.7 7.6
Resonant frequency (GHz) 2.0225 5.0677
Radiation Resistance (fl) 25.1k 2 ffik
Conductor loss resistance (fl) I lk 13.2k
Dielectric loss resistance (fl) 37.7k 29.8k
Radiation Efficiency (%) 25 78
has the same efficiency. Whilst it can be seen that the measured radiation efficiencies 
are comparable to the theoretical predictions, this type of link budget analysis requires 
every single loss source to be precisely accounted for, which is unrealistic in a practical 
situation. The important conclusion from the experiment is that the radiation losses 
of the rings is far from negligible, as some researchers have assumed.
Table 7.7: Measured link loss data
Ring 1(a) Ring 1(b) Ring 2
Cable loss (dB) -0.3 -0.3 -1.4
Mismatch A (dB) -0.61 -OJW -1.09
Directivity A (dB) 7.7 7.7 7.6
FSPL (dB) -44.82 -44.80 -52.90
Directivity B (dB) 7.7 7.7 7.6
Mismatch B (dB) -4.18 -2 . 0 2 -0.3
Total loss (dB) -34.51 -32.20 -40.49
Measured loss (dB) -41.0 -39.7 -44.8
Excess loss (dB) 6.49 7.50 4.31
Efficiency (per ring) (%) 47 42 61
7.6 Discussion
This chapter has used a rigorous electromagnetic model to explore how the curvature 
of the ring resonator affects its behaviour. Normally, the ring resonator is designed in 
such a way that the effects of curvature are small, however, most published analysis of 
the resonator completely neglect curvature effects, assuming that they are negligible. 
Whilst it is quite possible that the curvature effects are negligible in certain situations, 
data from this chapter allows the designer to make an informed choice on whether this 
assumption is appropriate. A general rule of thumb would be that provided that the 
ring radius is at least 1 0  times the width, then it is highly likely that the radiation and 
frequency shift due to curvature will be so small as to be negligible. The frequency 
shift due to the curvature is very small, as can be seen from figure 7.3. Provided that 
w /r < 0.3, the normalised wavenumber is shifted by less than ±1% for the first ten
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modes. In practice, it is easy to make the radius at least ten times the width, which 
will cause negligible frequency shift.
On low loss substrates (with good conductors), it has been shown that the radiation 
loss can dominate over all other losses, and if the resonator is used to deduce line 
losses, then the potential for radiation loss should at least be considered, even if it is 
not rigorously accounted for. The radiation losses should be considered when rings are 
fabricated which meet some of the following requirements:
1 . thick substrates are used
2 . low permittivity substrates are used
3. the rings have a large width (compared to the radius)
4. very low loss materials are employed
The coupling gap will also radiate on thick, low permittivity substrates, although 
this effect has not been studied here. The theoretical analysis presented in this chapter 
has shown a good agreement with experimental measurements, and has shown that by 
minimising the curvature of the ring in the design phase, it is possible to use simple, 
linear equations to accurately analyse the ring. For improved accuracy, the more 
involved electromagnetic analysis can be used.
7.7 Appendix
7.7.1 D erivation of resonant frequency (7.1)
The following boundary conditions are applied due to the cavity model
Ep = 0 (7.16a)
E^ = 0 (7.16b)
H, = 0 (7.16c)
Hf  ^= 0 p = a, b (magnetic walls) (7.16e)
The wave equation for the electric field is
V^E  + k^E = 0 (7.17)
Using a standard vector identity in cylindrical coordinates 
V ^E  = p ( v ^ E ,  -  ^ ( w e ,  +
CHAPTER 7. CURVATURE 109
Because of the boundary conditions, (7.17) is simplified
= z(V^E^) (7.19)
Again using a standard vector identity, this is expanded
Hence
Because of (7.16d)
If the electric field solution is assumed to take the form of the product of a radial 
R  variation and an azimuth variation F  of the fields then the following holds [69]
== TZJr (7\SI3)
Therefore (7.22) can be turned into two ordinary differential equations
jDf rp p pH
R 'F --+ -----+ ^ ^  + k‘^ RF = Q (7.24)
P
By separation of variables
pH pt pn
p‘- ^  + p -^  + p V  = - — =n^  (7.25)
For (7.25) to hold for all values of p and (f), both sides of the equation must be equal
to a constant since since the left hand side is a function of p only and the right hand
side (f) only. Both of these differential equations are a standard type. The solution of
F”
—  =  - rP  (7.26)
IS
and the solution of
F = Acosncf) T  Bsmnct) (7.27)
R" + j R '  + R ( k ‘^ - ^ ) = 0  (7.28)
involves Bessel functions of the first kind ( J„) and second kind (T^)
R = CJn{kp) +  DYnikp) (7.29)
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Therefore the overall solution of the electric field in the cavity is of the form
Ez = RE  = {Acosncf) -P Bsinncf)) [CJnikp) +  DYn{kp)) (7.30)
Expanding Maxwell’s curl equation in cylindrical coordinates and ignoring all elec­
tric fields except Ez results in
V  X JE7 =  —j u p H  (7.31a)
1 ^  =  - ju iiH p  (7.31b)
BE
= j^lJ'H^ (7.31c)
By feeding the ring at the outer edge at ç!> = 0, the electric field will be at a maximum, 
therefore the sin variation in (7.30) can be ignored and the constant of proportionality 
absorbed. The magnetic wall boundary conditions can then be applied by differentiat­
ing (7.30).
^  =  cos n<j> (CJ'„ikp) + DY^ikp)) (7.32a)
77, =  ———^  = 0 p = a,b (7.32b)
The constants of proportionality can now be calculated and the following following well
known eigen equation results [10] as in (7.1)
J'„{kb)Y;{ka)-J'„(ka)Y;{kb)=0 (7.33)
The electric field around the ring at resonance can easily calculated, with Eq being a 
constant of proportionality
Ez = Eq cosn^ [Jn{kp)Y^{ka)  -  J'^{ka)Yn{kp)]  (7.34)
7.7.2 D erivation of radiation resistance (7.3)
The magnetic currents are found from
M  = - h x E  (7.35)
Where h is the normal to the electric field. Because there are image electric fields 
in the ground-plane, additional magnetic currents exist. If the substrate is thin, it is 
reasonable to assume that these images add in phase. This assumption is not made
by Das et al. [20] who include an array factor. Since this current work is concerned
CHAPTER 7. CURVATURE 111
with thin microstrip circuits rather than antennas, the reasonable assumption that the 
substrate is thin and there is no phase shift across it is made. Thus the groundplane 
array factor is simply 2 .
M o =  - p x E U  (7,36a)
=  ‘^^Ez\p=b
M ,  = - p x E \ ^ .  (7.36b)
= 2(l)Ez\p=a
By applying suitable Green’s functions, the far field electric potentials from a circular 
magnetic current source can be found [29]. The analysis uses spherical coordinates 
(r, 6, (j)) for the far field, and cylindrical coordinates (p, 0 ', z) for a source point on the 
ring.
■fc
Fg =  _ M ^ c o s g  y J  (7.37a)
0 p
277—iKoT r r
E, =  /  /  M,(p>')cos(0'-<?S)e^'‘^ »'’™'’“ *W'-«prfp#' (7.37b)
0 p
Considering the outer current only, (7.36a), and by assuming that there is no radial 
variation of the magnetic current within Mq the equations simplify.
- j k  r  277
Fp = — COS 9Ez\p=b J  pdp J  cosn^'sin (0 ' — (7.38a)
6 0 
b+h 277
rrh = E \^p=b j  pdp j  cos»ÿ'cos(ÿ' -  (7.38b)27rr
6 0
The electric far fields are related to the potential via
Ee =  (7.39a)
Go
= jrjoüjFe = ^  ^^  (7.39b)
Go
The integrals over cf)' can be solved using Bessel functions [70] and therefore the electric 
fields due to the outer edge of the ring follow from (7.38). It is assumed that the height
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is thin enough to neglect terms in
Ef) = ------------------ cos 7 1 ( f )  J!^{kob sin 6).Ez\p=b
r  kobsmO ^
(7.40a)
(7.40b)
The fields due to the inner edge are identical, but with b replaced with a and the signs 
reversed due to the opposite direction of the magnetic current. The overall radiation 
pattern can then be calculated by considering the vector sum of the fields from the two 
edges.
Using the Wronskian property of Bessel functions [40],
7 T X
(7.41)
the resonance equation for the ring resonator (7.1) and the expression for Ez (7.34), 
the magnitude of the electric field at the edges of the ring can be calculated. Note that 
the azimuth variation of the electric field is not required here, as the surface magnetic 
current already includes this factor.
2Eq 
7(ka
2Eq J'Ska) 
Trkb J'nikb)
Therefore the total electric far fields can be calculated
Hz\p^a — 
Hz\p=b —
(7.42a)
(7.42b)
TCk T
^  -2Eonrhkoe-^'‘o’- .  ^ ^Ea =  —  --------------------sm neb cos 9
nk r
J'^(koasiB.9) -  Jf^{kobsm9)
4 M
Jn{koasin 9) Jn{kobsin 9) J'n{ka)
koasm9 kobsin9 J'^{kb) _
(7.43a)
(7.43b)
These expressions match those given in [29]
The radiated power can be calculated by integrating the far field radiation pattern 
over a hemisphere (assuming an infinite groundplane).
(f)=2'!Z 6='n/2
=  ^  y  j  (|%|^ +  |S*P) r^sinW dÿ  
0 0
This expression is very unwieldy and must be evaluated numerically
(7.44)
77 f  2Eok(,h  
" 2% V Trfc I ' ' O^TCCe//
(7.45)
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Where
7t/ 2
h  =
rr cos  ^9 (  Jn{kQa sin 9) 4 ( ^ 4  4(^o6 sin 9)
kl sin 9 4 M  6
+  sin ^  ( 4 % a  sin 9) — 4 (A:G) _
4 M
4 (^o^sin^)
2-1
(7.46)
The radiation resistance can be calculated by noting that (7.45) expresses the fields in 
terms of Eq. At the feed point, the voltage ho can also be represented in terms of the 
electric field therefore
(7.47)
C hapter 8 
M ode S p litting
8.1 Introduction
The microstrip ring resonator is frequently used for studying the properties of mi­
crowave substrates, in particular the dielectric constant and line losses. At millimetre 
wave frequencies, practical construction of the ring resonator demands very high line 
resolution, and any defects in the conducting track or non-uniformities in the dielec­
tric can break the symmetry of the ring and spurious resonances occur due to mode 
splitting [71]. An illustration of mode splitting is given in figure 8.1, which shows 
how a ring resonator with a small (intentional) perturbation can exhibit multiple res­
onances. These extra resonances occur due to reflections off the discontinuity, and if 
symmetrically positioned, can be exploited to form filters [72].
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Figure 8.1: Mode splitting on a ring resonator
This chapter considers the effect that discontinuities have on the frequency response 
of the loosely coupled resonator. Losses on the microstrip line are studied by measuring 
the Q factor of the resonances, so the presence of closely spaced resonant peaks due 
to mode splitting can cause difficulty in measurement of the Q factor. This chapter
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first considers a single defect in the conductor and analyses the resulting deformed 
ring through a new equivalent circuit model. Logically, increasing the size of the 
discontinuity increases the degree of mode splitting, therefore applying the results of 
this work allows specifications to be placed on the printing accuracy required for the 
conductor to achieve a minimal amount of mode splitting. Later on, the technique is 
generalised and can be applied to rings with an arbitrary number of discontinuities.
8.2 Circuit model
It is convenient to model the ring resonator using a transmission line approximation. 
The justification for this is covered in chapter 7. In previous work[27], the ring has 
been modelled using two transmission lines of impedance Zq in parallel, as shown in 
figure 8.2. In this work, the discontinuity is modelled by noticing that the discontinuity 
has a different transmission line impedance, Zi, as shown in the ring circuit of figure 
8.3.
1/2
-IN
1/2
a
Figure 8.2; Standard model of unperturbed ring resonator
l-x-y l-x-y
a
Figure 8.3: Ring resonator model with discontinuity of length x offset from feed by
length y
The input impedance of the unperturbed ring can be calculated by noting that the 
ring splits into two parallel sections between the input and point ‘a’ and then adding 
the admittance parameters of each half of the ring. A section of line of impedance 
Zq = I/Vq, length 1/2 and propagation constant 7  has admittance parameters given
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(8 .1)
by [55]:
c o th (7 / /2 )  — csch (7 //2 )
—  csch(7//2) coth(7//2)
By adding two lines of length //2 in parallel and routine mathematical manipulation, 
the input impedance of the uniform ring is found to be [7] :
(8 .2)
From (8.2), the input impedance tends towards infinity as \Y\ 0. This occurs
when the ring resonates, however only a lossless ring will exhibit an infinite impedance. 
A full solution of the input impedance for the circuit with a discontinuity in figure 8.3 
is made complicated by the variable length offset of the discontinuity, y. Since only 
the resonant frequency is desired, the feed can be moved, since the resonant frequency 
is a property of the standing wave position. This allows the much simpler circuit of 
figure 8.4 to be considered.
Figure 8.4: Simplified model of ring resonator with discontinuity of length x.
If it is assumed that the physical size of the discontinuity is small, then the trans­
mission line properties of the discontinuity will be similar to those of the rest of the 
ring. In particular, the phase propagation constant 7  will be assumed to be constant 
around the ring. The admittance matrix for the circuit of figure 8.4 can be written by 
inspection, by noting that for circuits in parallel, the admittance matrices are added.
y Yq coth(7 (/ — x)) +  Yi coth(7 x) —Yq csch(y(^ — x)) — Ff csch(7 x) 
—Yq csch(7 (/ -  x)) — Yi csch(7 x) Yq coth(7 (/ -  x)) + Yi coth(7 x)
(8.3)
The input impedance will be a maximum when the determinant of the admittance 
matrix is a minimum; the determinant will tend to zero at resonance as the line loss 
tends to zero. On lossless lines, the propagation constant is purely imaginary ( 7  =  j(5) 
and the resonant frequency is found by setting the determinant of (8.3) equal to zero 
and solving for p. On lines that exhibit loss, the resonant frequency is shifted very 
slightly, however this shift is negligible for lines of low loss. The resonant frequency
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split will be calculated using the assumption that the line is lossless. This causes 
the hyperbolic trigonometric functions become normal trigonometric functions and the 
resonant frequency equation becomes:
Yq cos{pl — Px) sin{Px) +  Yi cos(Px) sin(pi — Px) = ±  (ho sin{Px) +  Yism{pi — Px))
(8.4)
Through a number of trigonometry identities, (8.4) can be rearranged
sin T hi) ±  sin —  P: ^  (ho — hi) — 0
There are two closely spaced solutions showing that the resonance has split.
(8.5)
8.3 General analysis w ith A BC D  m atrix
The previous section used a simple analysis to formulate the ring resonance equation 
with a single discontinuity. To extend the technique to multiple discontinuities would 
be inelegant using the previous technique so a new method will be demonstrated using 
the ABCD matrix. The ABCD matrix has the advantage that series elements are 
added by multiplying the ABCD matrices together. Figure 8.5 shows the voltage and 
current definitions, and (8 .6 ) gives the definition of the ABCD matrix.
2-Port
L i
V2
Figure 8.5: Voltage and current definitions for a 2-port circuit.
V i‘ 'a B > 2 '
c D - h _ (8 .6)
The ring resonator can be formed by considering the ABCD matrix of a transmission 
line, and connecting the input to the output. Thus Vi =  V2 and Ji =  —I2 . This results 
in
BC = 1 - D - A t AD  (8.7)
The ABCD matrix for a general (lossy) transmission line of length I is
(8 .8)
'a  b cosh(yZ) Zo sinh(7 )^
C D Yq sinh(7 /) cosh (7 /)
The determinant of (8 .8 ) is A =  AD — BC = 1.
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Applying this condition to (8.7) results in
A t D = 2 (8.9)
Applied to a uniform ring requires cosh(7 /) =  1 which only has non trivial solutions 
if 7  is purely imaginary. This makes physical sense, as a lossy ring requires a continuous 
input of power to overcome the dissipated losses, and sustain this boundary condition. 
By neglecting the line loss, a uniform ring therefore must satisfy cos(pl) = 1 which is 
satisfied for pi = 2mr, the standard expression for a ring resonator.
The procedure is easily extended to a ring with a discontinuity. This time, the 
ABCD matrix is formed from product of the ABCD matrix for the two sections. Using 
the notation of figure 8.4 and carrying out the multiplication and by application of
(8.9) yields
2  cosh(7 (/ — x)) cosh(7 x) +  sinh(7 (Z — a;)) sinh(7 T) =  2 (8 .10)
By using various trigonometry identities, this can be rearranged to give
cosh(7 /)AT — cosh(7 (/ — 2a;)) (X — 1) =  1 X =  5^^ (8.11)4ZqZi
As before, this equation can only be solved if 7  is purely imaginary. Because X  has a 
minimum value of 1 , several interesting points can be made from (8 .1 1 ):
1. The first term relates to the main (unperturbed) resonances
2. The second term is due to the discontinuity
3. Because X > 1 all resonances will still be present
4. Some resonances will not split if cosh(7 /) =  cosh(7 (/ — 2a;))
5. Split resonances are not centred on pi = 2m:
The final point is important, as it shows that if the ring resonator is used to deduce 
material permittivity by measuring resonant frequencies, the presence of discontinuities 
may shift the frequency of the resonances, even if the resonance does not appear to 
split. It is quite possible that only one of the modes is strongly excited, so the presence 
of mode splitting may not be immediately obvious. This point is discussed later.
Although (8.11) is straightforward to solve numerically, by assuming that the dis­
continuity is small, it is possible to derive a simple formula for approximating the 
frequency split. By noting that
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P can be replaced with frequency units and the expression for the frequency split is 
shown in (8.13)
A/= Zq — Z i \  . f2nx7r\l i r ^  ' "  ' "  ' —  ' ' '
Where the absolute value is used to ensure that the answer is always positive. (8.13) 
shows that the magnitude of the frequency split is proportional to |Zi — Zq|, n and x.
8.4 Practical application and experim ental verifica­
tion
Equation (8.13) can be used to estimate resonance splitting effects if information about 
the discontinuity is known. Two types of defects can occur when producing conducting 
tracks in a PCB manufacturing process:
1. Cracks and notches which make the track narrower
2 . Spots and blemishes which make the track wider
There are various ways in which these defects could occur, mainly due to dirt or 
contamination during the printing or etching process or dust specks on photo masks. 
In microstrip technology, the impedance of the line decreases with increasing track 
width. Therefore by measuring the dimensions of the discontinuity and using standard 
microstrip design equations or a software package, the impedance of the discontinuity 
can be estimated. In order to verify the mode splitting predicted by the circuit analysis, 
a series of microstrip ring resonators were fabricated on alumina with a range of small 
discontinuities. All of the rings shared the characteristics given in Table 8.1.
Table 8.1: Summary of ring dimensions
Specification Value
Ring radius 12.7mm
Ring and feed width 640/zm
Nominal impedance, Zq 50Ü
Dielectric Constant, 9.5
Substrate height 635yum
The rings were fabricated using a thick-fflm process with a photosensitive silver 
conductor. The conductor (Hibridas HC4700) was then exposed to UV via a high 
resolution photo mask, developed and fired to produce high resolution lines. Width 
measurements made on the lines showed that no significant under- or over-cutting 
occurred. In addition to the common characteristics, discontinuities having geometric
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Table 8.2: Summary of ring discontinuities
1
Discontinuity
2 3
Discontinuity Impedance, Zi 
Discontinuity Length, x 
Discontinuity width
4012
0.5mm
960/im
4012
1 mm
960/im
6012
2 mm
420/im
features of various sizes were investigated, and the dimensions are summarized in Table 
8 .2.
For testing, the dual-port rings were mounted in a Wiltron microstrip test jig, and 
the transmission properties examined using an HP8510C network analyser. The main 
advantage of using a transmission ring rather than measuring the reflection coefficient 
is that the high dynamic range of the network analyser allowed very loose coupling 
to be employed. This minimized the loading effect on the rings and ensured that the 
resonances are sharp. Additionally, a full two port calibration of the network analyser 
was not necessary, as only the magnitude of 5 '2 i was desired. In total, three different 
sizes of discontinuity were measured as shown in Table 8.2. Rings with the discontinuity 
in different positions with respect to the feed were also measured. The mathematical 
analysis showed that the frequency splitting was independent of the position around 
the ring and also of the coupling, provided that it was loose. Confirmation that the 
loading effect was small was achieved by testing circuits with two different gap sizes 
(250/im and 500/j,m) and noting that the resonant frequencies did not depend on the 
gap size. This suggests that the measurements of the ten rings should fall into three 
groups determined purely by the discontinuity size.
In all, 15 resonances were easily identified, each spaced by approximately 1.4GHz. 
A photograph of one of the rings is shown in figure 8 .6 , and a wideband plot of the 
transmission loss of the ring is shown in figure 8.7.
Provided that the length of the discontinuity is not harmonically related to the ring 
length, then all modes will split. However, the position of the discontinuity relative to 
the feed lines determines how strongly excited each mode will be. The mode splitting 
can be categorised in two ways:
1. Modes split and two clear peaks are visible (figure 8 .8 )
2. Modes split, but only one mode is strongly excited (figure 8.9)
The alumina rings show both types of behaviour
If only one mode is strongly excited (as in figure 8.9) then an error could easily be 
made in identifying the resonant frequency, by overlooking the second (smaller) peak. 
In figure 8.9, the two peaks are located at approximately 10.12GHz and 10.18GHz. By 
only considering the lower frequency peak, the resonant frequency would be incorrectly
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Figure 8 .6 : Photograph of ring on alumina with small discontinuity.
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Figure 8.7: Transmission measurement of a typical ring (mode splitting not visible at 
this scale)
recorded. An unperturbed ring would resonate at 10.15GHz. Although this is only a 
small frequency difference, it introduces an error into the measurement. If both modes 
are strongly excited, then although it is possible to estimate the resonant frequency 
(the mean of the two peaks), the curve is so distorted that the measurement of the Q 
factor will not be accurate.
Measurements were made on 10 rings, with properties from Table 8.1 and Table 
8.2. The difference between the peaks of each resonance for the first 15 resonances was 
recorded for each ring. It is necessary to point out that not all resonances exhibited 
clear splitting, and sometimes only one resonant peak could be observed. In particular.
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Figure 8.8: Mode splitting occurs and two distinct peaks are visible
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Figure 8.9: Mode splitting occurs, but only one mode is strongly excited
this occurred for the 1st, and 8th-10th modes. Because the dimensions of the rings 
and discontinuities were known, it was also possible to calculate the mode splitting. 
Figure 8.10 shows the measured data points (crosses) and also the theoretical splitting 
according to the solution of (8.13). The graph has been coloured so that the data from 
the three different sizes of discontinuity can be separated.
The theoretical curves in Figure 7.8 include the slight increase in e^ff with frequency 
due to dispersion by using the equations of Kobayashi[15]. This effect is not significant 
as Ceff only increases slightly over this frequency range, and the frequency split is 
inversely proportional to the square root of Ce//-
Although the resonances do not split precisely symmetrically about the unperturbed 
ring resonant frequency, there is little error in making this assumption unless the dis­
continuity is large. Figure 8.11 shows the exact solution of (8.10) for discontinuity
3. The graph shows the frequency difference between the upper and lower resonance 
from the resonant frequency of an unperturbed ring. The small line in the middle plots
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Figure 8.10: Measured frequency split versus mode number compared with solution
of (8.13)
the mean of the upper and lower resonant frequency. The error in assuming that the 
unperturbed resonance frequency is the mean of the the split frequencies is less than 
2.5MHz. Also it can be seen that the 20th mode does not split. This is because the 
ring length (27t * 12.7mm = 79.8mm) is almost exactly harmonically related to the 
discontinuity length (2mm), and at the 20th mode, the discontinuity is 1/2 wavelength 
long.
5 0
upper resonance
mean shift
g  -10
it -20
lower resonance
- 3 0
- 4 0
- 5 0
Mode, n
Figure 8.11: Exact solution of (8.10) for discontinuity 3, showing how the resonance 
shift is not precisely symmetrical
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8.5 M ode splitting due to m ultiple discontinuities
The ABCD formulation offers a simple extension to an arbitrary number of disconti­
nuities, and is illustrated in figure 8.12. For generality, each section has a length Xn 
and impedance Zn, although these can be the same if desired. The ABCD matrix of 
the complete ring is written by inspection;
 >  4 ---------► 4 -------
X1 X2
Figure 8.12: Multiple discontinuities
"yl I?' "/li A 2 B2 ^ 3  Hz An Bn
C D Cl Di C2 D2 C3 D3 Cn Dn
(8.14)
and the same resonance condition as (8.9) applies. Each individual matrix is of the 
form (8.8), although the lengths and impedances may vary between the sections. Figure 
8.13 gives an example of a situation when such a formulation may used to analyse a 
ring. The photograph shows a microscope image of the conducting track of a resonator 
made on RT Duroid.  It can be seen that the track has a rough edge. By analysing the 
statistical properties of the edge and forming a model for the conductor width (and 
hence impedance), an ABCD matrix could be formed of thousands of segments, each 
perhaps lOfim long, with randomly distributed impedances. Generation, and solution 
of the cascade of thousands of 2x2 matrices is trivial on a computer, and can be carried 
out extremely rapidly.
Figure 8.13: Rough edge of Duroid circuit
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One additional benefit of using the ABCD formulation with many small segments 
is that the voltage and currents are implicitly calculated at each junction. This allows 
the current distribution to be calculated around the ring.
As an example, a ring was simulated with three discontinuities, and the current 
distribution calculated using the ABCD method and ADS Momentum.  The discon­
tinuities are best described using their angular position on the ring. The ring had a 
nominal width of 1000/im, on a 1mm thick alumina substrate. This line width results 
in an impedance of 50D. The discontinuities are summarised in Table 8.3. The ring 
was simulated with a radius of 18.85mm, which gives a first (unperturbed) resonant 
frequency of almost exactly IGHz on this substrate. A momentum simulation of this 
ring is shown in figure 8.14. The resonance at IGHz has split, and the resonances are 
at 998MHz and 1004MHz, or a split of 6MHz. The ABGD simulation predicts that 
the resonances are 0.9964 and 1.0028, in normalised frequency units, giving a split of 
6.4MHz, assuming that the resonant frequency is IGHz.
Table 8.3: Summary of ring discontinuities
1 2 3
Discontinuity Impedance, Zn 44.6H 44.&H 57.in
Discontinuity Length, x 10° 10° 5°
Discontinuity physical width 1250//m 1250/im 750/im
Discontinuity position 5° 65° 252.5°
S11
I—I -0.5 —
T—I—I—I—I—I—I—I—I—I—I—I—I—I—I—I—I—I—r
0.990 0.995 1.000 1.005 1.010
Frequency
Figure 8.14: Momentum simulation of ring with three discontinuities
Momentum can also be used to show the current density of the ring at each resonant 
frequency. Figure 8.15 shows the current density of the discontinuous ring at the two 
split frequencies of the first resonance. The blue colour represents low surface current 
density (a voltage maximum) and occurs at two positions around the ring. It can 
be seen that the standing wave pattern is rotated through 90° between the two split
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modes. Finally, the value of the ABCD analysis technique is shown by plotting the
Figure 8.15; Momentum simulation of ring with three discontinuities - current density
current density around the ring. This is shown in figure 8.16. The graph shows the 
standing wave pattern of both modes, and the current minima match up with those 
predicted by momentum. The ring was modelled as being made of 360 segments, each 
1° long.
100
<
2
3
I
I  60
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m 40ë
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Current distribution A 
Current distribution B 
Line impedance
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Normalised position around the ring
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Figure 8.16: Matlab simulation of ring with three discontinuities - current density
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8.6 Discussion
It is known that asymmetries in the microstrip ring resonator can cause the resonant 
frequencies to split, however no detailed studies with practical verifications appear to 
have been reported in the literature. This paper has presented a rigorous theoreti­
cal analysis of the effects of defects within a planar resonant ring, with the results 
supported by practical measurements. The outcomes will be of considerable practical 
benefit since fabricated resonant rings will often exhibit imperfections that will cause 
errors if the ring is used for the characterisation of materials. The equations presented 
here allow an estimate of the significance of a defect to be made. A simple equation 
suitable for manual calculation has been derived for predicting the degree of splitting 
as well as a more accurate equation which is accurate even for large discontinuities and 
higher frequencies.
A series of rings with deliberately introduced discontinuities have been fabricated 
on alumina in order to validate the theoretical predictions of the mode splitting with 
practical measurements. The measurements show that the equations accurately predict 
the degree of splitting over a large number of resonances, although if the ring has a 
large discontinuity, the linear approximation is not accurate at higher frequencies.
The study showed that if a resonance has split due to a defect, then an accurate 
estimate of the resonant frequency of the ring can still be found by simply taking the 
mean of the two resonant peaks. This can be used to minimise errors in measurement of 
Ceff (and hence Cr). The effect on the Q factor is more complicated, and a more detailed 
analysis is required, including the effects of coupling and the position of the defect in 
the ring. The effect on the Q factor would cause errors when using the ring resonator 
for characterising line loss (and hence tan ^ ). This analysis has been recommended for 
future study.
A new analysis technique has been demonstrated using the ABCD matrix. This 
can be used to analyse rings with a single discontinuity, but its real value comes in 
when analysing rings with a large number of discontinuities. The method could be 
used to analyse the effect of using conductors with rough edges by constructing a dis­
continuity matrix which has same statistical properties as the rough conductor edge. 
The technique has been shown to produce results which are as accurate as ADS Mo­
ment um with a ring with three discontinuities, however the ABCD matrix formulation 
and solution was solved in less than a second in Matlab, compared with over an hour 
in Momentum. There is no mechanism for constructing a track in momentum with a 
large number of discontinuities, so the ABCD matrix method using ID transmission 
lines is unique in being able to analyse rough edged circuits.
Chapter 9 
Spectral Dom ain Approach (SDA)
9.1 Introduction
The Spectral Domain Approach was proposed by Yamashita and Mittra[73] and ex­
tended by Itoh and Mittra[48]. It has been used to model many different types of 
planar transmission line. It suffers from the limitation that conductors are required 
to be infinitely thin, however it is possible to model multilayer and multi-conductor 
lines. The technique makes no quasi static assumptions and can be used to gener­
ate frequency dependent dispersion data. One of the highlights of the technique is 
the fact that it models the system using a sum of orthogonal basis functions, there­
fore it is possible to obtain information about the fields and current density for each 
supported mode as well as the propagation constants. The technique is general and 
can be used to model lines with arbitrary cross section, provided that the conductors 
are assumed thin and lossless. The analysis is normally confined to structures with 
planar dielectrics and conductors, infinite in length, however by a simple extension, 
two dimensional structures like resonators can be included. It is possible to include 
the effects of lossy dielectrics, which result in a complex propagation constant (due to 
attenuation), and the possible excitation of slow waves[46].
The SDA will be used in this thesis to provide frequency dependent solutions to 
the wave equation for the following types of waveguide:
1. Microstrip
2. Slotline (infinite grounds)
3. Coplanar Strips (finite ground slotline)
Of primary interest is the effective dielectric constant of the lines, and the possible 
existence of higher order modes which limit the useful operating frequency of the guides. 
Although it is possible to extract the characteristic impedance for the waveguides using 
the SDA, this has not been studied.
1S!8
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9.2 M ethod
The chapter describes how the SDA can be used to calculate the properties of an 
infinitely long uniform transmission line. The SDA is formulated by setting up a cross 
section of the line and dividing it into regions of uniform dielectric. Maxwell’s equations 
can then be written for each region, and boundary /  continuity conditions imposed. The 
current distribution on the conducting strips is unknown but through the use of Green’s 
functions it can be related to the (also unknown) electric held distribution via a series 
of coupled integral equations which can be solved for the propagation constant, (3. This 
approach is called the space domain technique, and can only be solved analytically for 
certain geometries due to the difficulty of developing the Green’s functions and solving 
the integrals. The SDA instead uses the Fourier transform of the various fields which 
transforms the coupled integral equations into coupled algebraic equations which are 
much easier to solve. The analysis will be demonstrated in a similar form to [46], but 
will be abbreviated and show only the key points due to it being a lengthy mathematical 
process, of which only its application is of interest here.
The process will be illustrated with the three layer enclosed microstrip structure 
shown in figure 9.1. This structure has been carefully chosen as it can be used to model a 
variety of common planar transmission lines. The electric enclosures can be eliminated 
by extending the dimensions of the circuit and by appropriate choice of dielectric 
constants. For example, a conventional microstrip can be studied by extending /q to 
infinity, setting ci =  l(air), /12 is the substrate height, €2 is the permittivity, ho, =  0, 
and extending a to infinity. Similarly, open structures like slot line can be studied by 
extending hi  and /1 3 . Although only one conductor is shown, extension to multiple 
conductors will be demonstrated later.
Groundplane :hL
Gl
S2
W
: /
Strip
£3
Groundplane Electric wall
ha
"3
Figure 9.1: Cross-section view of three layer shielded microstrip
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9.3 Fields
Because the conductor contains x and z but not y current density fields, and thus 
supports hybrid modes, it is convenient to describe the field in the structure of figure 
9.1 as a superposition of TE to y and TM to y modes. The fields can be obtained from 
Maxwell’s equations and are listed below[74].
Two scalar potentials are defined; is due to the E mode (TM) and is due to 
the H mode (TE). It is assumed that the wave propagates in the z direction, i.e there 
is an dependence.
TM to y modes
= = (9.1a)
Ey = — ( Hy = D (9.1b)
1 5^ -0®
y dydz  ^ dx
= (9.1c)
TE to y modes
E y - Ù  Hy -  —  + (9.2b)1 
z
Where y =  jue z =  jcoy, =  uP’ye 
Defining the Fourier Transform as
/ oo 4>(x)é’‘’‘dx (9.3)
■OO
And noting that a property of the Fourier transform is
a"
dx''
The Fourier Transforms of field equations (9.1) and (9.2) can be deduced. By adding 
together the TE and TM components (they are orthogonal), expressions for the Fourier- 
transformed fields are [46]:
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=  (9,5a)
% Oy z 0%
1 7e Ù _   ^ f  , 7.2^ J.h
"  H â F  ^ j +  ^ (9 5b)
4  =  - 0 ^  +  iW '* %  =  - j a r  - 4 ^  (9.5c)
The Fourier transformed Helmholtz equation can also be written by inspection, 
valid for both -0® and 0^ potentials.
^  ,2 p 2  \ 7  , , 2\dÿ^  -  « - y 5 j 0  +  / c0 =  O (9.6)
and its solution in standard form is given in (9.7) which is valid for each potential, in
each region i =  1,2,3 (ie 6 solutions).
'tpi = A  cosh 7 iy +  B  sinh ^ ly where 7 ? =  + 0^ — kf (9.7)
Because the waveguide is fully enclosed by a metallic enclosure, it is possible to 
impose several boundary conditions upon the system. These are given below, noting 
that the subscript numbers represent each region of the waveguide.
Exi(x, 0) =  Exz{x, 0) =  0 (9.8a)
Ezi{x, 0) =  Ezs{x, 0) =  0 (9.8b)
Exi{x, /ii +  /12 +  ^3 ) =  Exzix^ hi~\- h2 ~\- hg) =  0 (9.8c)
Ezi{x, /ii +  /i2 +  ^3 ) — Ezs{x^ /ii +  /i2 +  h2,) = 0 (9.8d)
In the absence of any sources at the interfaces, continuity must also hold
Exi(x, /i2 +  hs) = Ex2 {x, /12 +  hs) = Ex (9.9a)
Ezi{x, /12 +  /13) =  Ez2{x , h2 +  /ig) = Ez (9.9b)
Ex2 {x,h^) = Exz(x,hz) (9.9c)
Ez2{x , hs) = Ezs{x, hs) = 0 (9.9d)
Ex2 {x,hs) = Hxs(x,hs) (9.9e)
Hz2{x,hs) = Hzs(x,hs) = 0 (9.9f)
At y = h2 + hs, the strip acts as a current source and it is useful to define electric
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fields and electric current densities on the plane y = h2 + hs.
132
0 |rc| > w/2
Hx2 {x, hs +  hs) — Hxi{x, hs +  hs) |:r| < w/2
0 |a;| > w/2
Hzsix, hs +  hs) — Hzi{x, hs +  hs) |.'t| < w/2
Ez = Ezi{x, hs +  hs) = Ezs{x^ hs +  hs) Vrr 
Ex = Exi{x, hs +  hs) = Exs{x, hs +  hs) Va:
(9.10a)
(9.10b)
(9.10c)
(9.10d)
A final boundary condition is formulated on the (perfectly conducting) strip
Ez = Ex = 0 |a:| < w/2 (9.11)
Note that the Fourier transforms of (9.8)-(9.10) also exist by replacing each field quan­
tity by its transformed variable (eg Ezi Ezi) Through a long, and somewhat tedious 
process, it is possible to apply the Fourier-transformed boundary conditions (9.8)-(9.10) 
to the solutions of the wave equation in each region, for each potential (9.7), and elimi­
nate the unknown constants. The working can be found in [46] or [54]. The very useful 
result is reproduced below from [46].
(9.12)'Éz x"
Ex Zxz Zxx X
7  -
0=2 -P ^2
Exz   Ezx
- z l j
-p
(9.13a)
(9.13b)
(9.13c)
(9.13d)
Zh =
ly2 Cts +7y3 Ct2
Ct2 Ctg -p Cti Cts 7 2^ / l y l  +  Cti Ct2 7ys/l y l  +  l y ^ / l y 2  
________________________ l z 2  C t 2  + 7 z 3  C t g ________________________
TzlTz2 Cti Ct2 +  Cti Cts 7z17z3 +  Ct2 Cts 7z27z3 +  7& 
where Ct  ^=  coth(7Xi) l y i  =  7z% =
(9.14a)
(9.14b)
It is important to note that the Zzz etc. terms are a Fourier transformed form of
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the Green’s functions, as they describe the electric fields due to the electric current 
density. It has not been necessary to define Green’s functions specific to any particular 
transmission line geometry, as the analysis thus far has been completely general. By 
solving (9.12), it will be possible to work out the current density on the strip and all 
of the field distributions. This can be achieved using Galerkin’s procedure. Firstly, 
Jz and X are approximated using systematically generated, known basis functions, 
Xm, Xn and unknown weights Cn, dm
N  M
X  “  ^   ^C nX n((^) X  ^   ^dmJxmip^ (9 .1 5 )
n=l m=l
By expanding (9.12) using the inner product and (9.15) it is possible to generate a 
matrix equation [46]. By solving the matrix equation (which is a function of (3 and uS), 
it is possible to determine the coefficients Cn,dm- This allows an approximation of the 
current density on the strip to be made, and more importantly, allows calculation of the 
propagation constant for a given frequency, and hence the effective dielectric constant. 
By increasing M and N, it is possible to increase the accuracy of the calculation, at the 
expense of the computer time required to solve (9.16).
N  M
Jzk Zzz ^   ^(Tfidzn Jzk Zzx ^   ^dm J:
n=l m=l
N  M
JxlZxz ^   ^^ndzn "F dxlZxx ^   ^dmJ:xm
n=l m=l
da = 0 k = l , 2 , . . . y N  (9.16a)
da = 0 / =  1 , 2 , . . . , M (9.16b)
9.4 Basis Functions
The SDA requires a set of basis functions to be generated which approximates the 
current density on the strip. When the SDA was first used to solve microstrip in 
the 1970s, great effort was expended to find efficient basis functions. By good choice 
of functions, it is possible to minimise the size of the matrix equation in (9.16). This 
matrix is square of size(M +77, M +N).  Various solutions were proposed which allowed 
a matrix of minimum size (2x2). By ignoring longitudinal currents (X) it was possible 
to simplify the equations further. Even solution of the 2x2 matrix required considerable 
time. Janaswamy and Schaubert [51] state that (in 1985) solution of the matrix for 
one particular value of M and N took 15 seconds on a minicomputer. Due to massive 
increases in computer power since the SDA was proposed the matrix is now easy to 
solve. A series of Matlab programs have been written which can solve (9.16) for various 
geometries with a 50x50 matrix in a few seconds (this matrix size is probably a huge 
overkill). This allows the SDA to be used to explore structures more thoroughly than 
was previously possible.
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The actual shape of the basis functions is not critical provided that a sufficiently 
large summation of functions approximates the current distribution on the strip. The 
basis functions must be non zero only on the strip. Nguyen [54] notes that for in­
finitely thin conductors, the transverse magnetic fields (produced by X) are singular 
at the edge of the strip, and that the fields decay as ^/x close to the strip. The lon­
gitudinal magnetic fields (produced by X) are bounded, but still decay as y/x. Fewer 
basis functions will be required if these edge conditions are included when formulating 
expressions for X  and X-
A good choice of basis functions is given in [46] :
Jzn{x) — 
Jxn{x) —
cos[2(n — PjTïxlw] 
1 / 1  -  (2æ/w)2 
sin[2n7ra:/ic] 
y i  -  ( jix iwf
(9.17a)
(9.17b)
and their Fourier Tansforms are
Jznip)
7 T W
~T
Jxn[a) -
Æ ( ^  +  (n -  I)»!- )  +  Jo (  ^  -  (« -  1)7T ) 
)+Jo(-f n-TT — n7T
(9.18a)
(9.18b)
For the dominant microstrip mode, the transverse current density is an odd function 
of X  and the longitudinal current density is an even function. This corresponds to a 
magnetic wall at a; =  0. This is refiected in the basis functions shown in figure 9.2.
9.5 E lectric/ m agnetic field duality
The formulation thus far has assumed a microstrip type structure, with a conducting 
strip at the interface of the second and third dielectric layers. By applying Galerkin’s 
method, the unknown current density on the strip can be calculated. A slotline struc­
ture is exactly the same as a microstrip, with a narrow slot in an infinite groundplane 
instead of a conducting strip. The slotline mode could be interpreted as being due to 
magnetic fields flowing in the slot. It would also be possible to invert (9.12) as follows
(9.19)X Ex
X Ez_
where
Zxx Zzz"
t z Zzx -^ zz
(9.20)
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Figure 9.2: Shape of first three basis functions for
and Z  is defined in (9.12)-(9.14) This allows the solution of the unknown electric fields 
Ez, Ex in the slot. Because of the symmetry of Maxwell’s equations, the electric fields in 
the slot of a slotline are very closely related to the electric currents flowing on the strip 
of a microstrip, so the basis functions will be similar. For a slotline circuit, suitable 
basis functions are:
cos[2(n — 1)tixI w\ 
y /l — {2x/wY 
sm[2mixlw\ 
yj l  — {2x/wY
(9.21a)
(9.21b)
It can be seen that (9.21) is of exactly the same form as (9.17) with Jz ^  Ex and 
J x ^  Ez. The Fourier transforms will also be of the same form.
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9.6 Extension to  m ultiple conductors
So far, the analysis has considered only a symmetrically placed single conductor (or 
slot). Because the solution of (9.16) makes no assumptions about the nature of the 
conducting strip (other than its perfect conductivity and finite ’width), by finding the 
correct basis functions, the same method can be used to solve a line with multiple 
conductors.
The existing basis functions can be modified to allow a conductor to be placed offset 
from the centre of the line with minimal effort. Due to the linearity of the system, extra 
lines can be added simply by adding more basis functions of the same form. Because 
the lines are now not necessarily symmetrical, the possibility of the current density not 
being a symmetrical function on the strip must be considered. A simple mathematical 
relation states that any function can be constructed from the sum of an even and an 
odd function, therefore (9.17) must be extended to consider both the possibility of even 
and odd modes, as well as the spatial offset from the origin.
According to the definition of the Fourier transform (9.3), a spatial offset corre­
sponds to an additional complex exponential term.
F  ( ÿ ( æ - 6)) =  (9.22)
Because the extra conductors are usually symmetrically placed at æ =  ±6, (9.22) shows 
that in the case of two conductors, an extra sin or cos term will be present.
9.7 Im plem entation
Based on the derivation in this chapter, Matlab code has been developed that can 
determine the solution of (9.16) for structures with one or two conductors, and with 
or without top or bottom groundplanes. The Appendix B at the end of the thesis lists 
sample code for calculating eg// for coplanar strips. By including the electric/ magnetic 
duality, the codes allows computation of (3 versus frequency for the following transmis­
sion lines:
1. Microstrip
2. Slotline
3. Coplanar strips
4. Coplanar waveguide
All odd or even propagating modes can be considered, and multiple layered di­
electrics are possible, with or without upper or lower groundplanes. Of course, not all
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of these transmission lines are useful, and some only support surface wave type modes 
(for example a conducting strip on a dielectric without a groundplane). Although no 
constraints need to be placed upon the width and spacing of the conductors, sometimes 
spurious waveguide type solutions are generated if the enclosure is resonant. Also, a 
large number of basis functions may be necessary for wide strips which slows down 
the calculation. The program can be used to plot the current density on the strips (or 
electric field in the slot line equivalent), which can offer physical insight into the nature 
of the propagating mode. Some of these waveguides are shown in figure 9.3. The left 
hand side of the figure shows the surface current waveguides, and the right shows the 
electric field waveguides.
Surface guide 
Slotline
CPS
CPW
Microstrip
Slotline
(grounded)
Figure 9.3: Some planar waveguide geometries.
9.8 Verification of technique - M icrostrip
In order to verify the implementation and accuracy of the SDA implementation, four 
microstrip ring resonators were fabricated on RT Duroid 6010 which has a nominal 
of 10.2. The material datasheet [59] states that the permittivity is one of 10.2 ±  0.25, 
10.5 ±  0.25 or 10.8 db 0.25, although the actual value depends on the batch. The board 
was coated with 1/4 oz. copper (8//m thickness), and two thicknesses of substrate were 
used; 254/zm and 635//m. A photo mask with two rings was used, one with 0.25mm 
tracks, and one with 0.62mm tracks. The same photo mask was used for each board, 
and the rings had a mean radius of 16mm. These details are summarised in Table 9.1
The transmissions through the rings were measured over the frequency range 0- 
40GHz, although the resonances were difficult to measure above 25GHz on the thick 
substrate due to substrate modes propagating. The measurement was normalised to 
OdB using 500 through lines also present on the substrates. The transmission data for 
the 500 lines is shown in figures 9.4 and 9.5.
In order to account for the slight loading effect of the feed lines on the ring resonance
Table 9.1: Parameters of Duroid rings
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Plate number 1 2
Radius, mm 8 8
Copper thickness, /im 8 8
Height, fim 254 635
Impedance of wide line, H 30 50
Impedance of narrow line, H 50 70
-20  -
-30
OT -40
-50 -
-70 -
-80
0 10 20 30 40
Frequency, GHz
Figure 9.4: Transmission for 5011 Duroid 6010 ring on 254//m substrate
-30 -
-40
0 10 20 30 40
Frequency, GHz
Figure 9.5: Transmission for 5011 Duroid 6010 ring on 635/xm substrate
frequencies, the equivalent circuit fitting procedure given in chapter 5 was used and the 
effective dielectric constant of the lines in the ring resonators was determined. As a by­
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product of the data fitting, coupling capacitances and line loss data was also extracted, 
but this is not shown. Although the exact dielectric constant is not yet known (due to 
uncertainty in the permittivity of the batch of Duroid shipped), it is between 9.95 and
11.05. The effective dielectric constant is shown in figure 9.6.
^ 8.5
Ü 7.5
7 - 
6.5
• %
• 254um, narrow
• 254um, wide
• 635um, narrow
• 635um, wide
10 20 30
Frequency, GHz
40
Figure 9.6: Extracted effective dielectric constant for the 4 different ring resonators
Because the dimensions of the circuits are known, the material dielectric constant 
can be estimated by using the dispersion equations of Kirschning [13]. An Excel macro 
was created that implements the equations in this reference, and calculates Ce// given
Gr, h, /  and w. By a successive midpoint division technique, the macro can be used to
estimate given the other parameters. Because the equations in this reference are valid 
only for zero thickness conductors, the copper thickness is neglected, and the material 
dielectric constant is extracted from the measured effective dielectric constant. This 
is plotted in figure 9.7. The graph clearly shows that the points are scattered around 
tj. = 10.8 with a spread of about ±0.15, which is a spread of ±1.4%.
The dispersion characteristics for the effective dielectric constant of these four trans­
mission lines were then calculated using several methods over the frequency range 
0-50GHz:
1. Curve fitted expressions after Kirschning [13]
2. Curve htted expressions after Kobayashi [15]
3. Simulated characteristics using ADS Momentum
4. Simulated characteristics using CST Microwave Studio
5. Spectral domain method with 10 basis functions
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Figure 9.7: Extracted dielectric constant for the 4 different ring resonators
6. Spectral domain method with 2 basis functions
Although Kirschning and Kobayashi's methods are themselves curve fitted to spectral 
domain data, the exact details of these models are not given in the references. A graph 
showing the predicted and measured Ce// is given in figure 9.8.
9.5 1------------- --------------------------------------------------------- ------------------------
254um. wide
635um
254um, narrow Kirschning
Kobayashi
Momentum254um. wide
Measured
15 20 25 30
Frequency, GHz
Figure 9.8: Predicted and measured effective dielectric constant for the 4 different
microstrips
All of these methods predict Cg// accurately for the four microstrip lines, although 
there are some small differences. The largest discrepancy comes from the CST Mi­
crowave Studio predictions, which can be seen to diverge from the others, especially 
for the narrow line on the 254//m substrate. The reasons for this are not entirely clear.
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Although CST uses a rigorous full-wave 3D solution method, the method used to ex­
tract £e// is somewhat unusual. CST uses rectangular waveguide ports to connect to 
the test structure, and a mode matching technique to calculate how waves are launched 
into the structure from this port waveguide. CST calculates the mode pattern in the 
interface of the test circuit (a microstrip line) and the waveguide, for each discrete 
waveguide mode, and can calculate a and j3 (and hence Cg//) at specified frequencies.
Because the rectangular waveguide excitation supports only pure TE and TM 
modes, CST only looks for a solution of the test circuit structure which fits either 
the waveguide TE or TM mode. The user can select the number of modes to consider, 
but CST does not combine the results for each mode, but instead keeps them separate. 
The dominant waveguide mode is TEio which strongly excites the dominant mode in 
a microstrip, however as there is a small longitudinal component of the electric field in 
microstrip, this is not excited by a pure TE waveguide mode. Therefore, the effective 
dielectric constant returned by CST is not complete unless all of the waveguide modes 
are combined, which does not seem possible in the software. CST effectively works 
out the propagation characteristics of each TE and TM mode of the inhomogeneously 
filled waveguide port rather than the hybrid field in the structure. The data plotted 
in figure 9.8 is the effective dielectric constant of the dominant waveguide mode.
All of these methods predict the microstrip dispersion effects quite accurately, so in 
order to study the differences between them, the data will be presented as a percentage 
difference from the effective dielectric constant predicted by Kobayashi. Kobayashi's 
paper is the most recently published method of calculating Cg//- The data are plotted 
in figures 9.9 to 9.12.
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Figure 9.9: Variation in €g// for narrow line on 254/xm substrate (5014)
The plots show that there is only a very small difference between the different 
models, and that the difference between the spectral domain data from this work with 
2 and 10 basis functions is small. The model uses an equal number of transverse and
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Figure 9.10: Variation in Ce// for wide line on 254/rm substrate (300)
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Figure 9.11: Variation in £e// for narrow line on 635/im substrate (700)
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Figure 9.12: Variation in eg// for wide line on 635/im substrate (500)
longitudinal basis functions; either 1 or 5 of each in this case. As a point of interest, 
the current density for the dominant mode on the 500 line on the 635/im substrate is
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shown in figure 9.13. The microstrip has magnetic wall symmetry, and the frequency 
is 50GHz. The current density is non zero only on the strip. Note that although the 
current density scale is arbitrary, the longitudinal current (J%) is significantly greater 
than the transverse current(u/g,). This explains why some authors have in the past 
neglected the transverse current to simplify the analysis.
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Figure 9.13: Surface current density on microstrip line at 50GHz.
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9.9 Analysis of Slotline and Coplanar Strips
Although the program can be used to study microstrip (and CPW) in depth, these 
types of waveguide are well represented in the literature. Because of the scarcity of 
accurate design data on slotline and CPS, it was thought to be worthwhile studying 
these. Using the ring resonator to explore slotline is unusual, and it appears that rings 
using coplanar strips are new.
Slotline can be considered to be an infinite ground version of coplanar strips, and 
the dominant mode of both has electric wall symmetry. When the strip width is large, 
the propagation characteristics of CPS tend towards those of slotline. Although it is 
possible to operate the slotline at high frequencies, the TEi surface wave mode has 
similar symmetry and is strongly excited by the slotline mode. The mode has a cut­
off frequency, and is more dispersive than slotline, so rapidly becomes dominant as 
the frequency is increased. Because CPS does not have an infinite groundplane, the 
TEi surface wave mode is not supported, but similar electric wall symmetric modes can 
propagate at high frequencies. The width of the strips determines the cut-off frequency 
of this mode. The surface wave modes for a grounded dielectric slab can be analytically 
calculated, and the method is described by Pozar [55].
The spectral domain program developed in this work offers a real advantage in 
identifying and studying these modes as it is possible to identify all of the modes, and 
calculate their propagation constants. With ADS Momentum^ only the dominant mode 
can be studied, and the software generates various warning messages and ultimately 
fails to converge on a physical solution if more than one mode propagates. Although 
CST can accurately simulate these types of line, it was not found to be possible to 
extract the effective dielectric constant for higher order modes in a meaningful way. 
In addition, several waveguide modes must be simulated which dramatically slows the 
simulation down.
Figure 9.14 shows the evolution of slotline into CPS waveguide as the groundplane 
size is decreased from infinity. The plot was generated using the SDA and shows the 
effective dielectric constant of the dominant mode. The slot width is 100//m, and the 
substrate height 0.5mm, and e^=9. For reference the first two (infinite ground) surface 
wave modes are also shown. It can be seen that as the groundplane size reduces, the 
line becomes less dispersive, having an effective dielectric constant approaching 5. This 
value is the mean dielectric constant of air (e^  =  1) and the substrate (e^  =  9) and 
shows that half of the electric field is in the air, and half in the substrate.
The current distributions for a CPS with 2mm and 0.25mm grounds are shown in 
figure 9.15 and figure 9.16. The ripple in the figures is due to an insufficient number of 
basis functions being used. It can be seen that in the wide ground CPS (approximate 
slotline mode), the longitudinal current is concentrated at the slot edges, whereas it is
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Figure 9.14: Evolution of slotline into CPS as a function of groundplane width 
more uniformly located across the strip if the groundplanes are narrow.
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Figure 9.15: Surface current density on wide ground CPS
146
5
-5'---------------  '-----^
-0.4 -0.3 -0.2 -0.1 0 0.1 0.3 0.40.2
X, mm
0.03
0.02
0.01
0 0.3-0.4 -0.3 -0.2 -0.1 0.1 0.2 0.4
X, mm
Figure 9.16: Surface current density on narrow ground CPS
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9.10 Verification of technique - slotline
Although Kawano and Tomimuro[42] produced one of the few papers which discuss a 
ring resonator using slot line, their design used a microstrip feedline, which severely 
limited the frequencies over which it would have been feasible to measure the ring, and 
data is presented only over 26-33GHz.
In this work, a series of CPW fed slot ring resonators have been fabricated using 
a thin film technique on alumina, which permitted dominant mode propagation to be 
studied from IGHz up to around 40GHz on 635/im substrates, to llOGHz on 254/im 
substrates and past 200GHz on 127/im substrates. A diagram of the structure with 
key parameters is shown in figure 9.17. It should be pointed out that slotline strictly 
requires infinite groundplanes, whereas the fabricated ring clearly has finite grounds. 
Strictly speaking, the ring is using coplanar strips rather than slotline, but this section 
will neglect the finite grounds. The wide groundplane ring can be analysed using the 
slotline approach with only a small error at low frequencies.
The coplanar waveguide feed section is short (around 1mm) and is designed to 
present an approximate 50f2 impedance to the network analyser coplanar waveguide 
probes. The feed does not have to be perfectly matched to the network analyser 
as the lines are short enough that few resonant effects will manifest themselves. In 
addition, the very small dimensions of the lines make their fabrication challenging, 
and a degree of undercutting (which is inevitable when etching the circuits) makes 
precise dimensions difficult to achieve. The ends of the GPW feed section excite the 
CPS/slotline modes reasonably well. In fact, because the excitation is only moderate, 
the ring is loosely coupled to the measurement system, which allows the resonant 
frequencies to be measured without accounting for the loading.
9.10.1 Im plem entation
A series of rings were fabricated using a thin film process on alumina of various thick­
ness. The thin film process (which is described in detail in chapter 4) allows extremely 
high resolution circuits to be produced, using very thin metal layers. A copper seed 
layer was sputtered on to alumina substrates to a thickness of approximately lOOnm, 
and then electroplated to a final thickness of around 3/xm. The plated substrates were 
then spin coated with SPR-220-7.0 photoresist and exposed to UV through a photo 
mask. The circuit pattern was etched using ferric chloride. Rings were fabricated on 
three thicknesses of alumina: 127/im, 254/im and 635/im. The 127/im circuits used 
polished Coorstek 996 Superstrate (99.6%), and the other thicknesses used Coorstek 
ADS96R (96%). Owing to the very smooth nature of the polished substrate and very 
thin copper conductor, definition of the etched circuits was excellent. The 635/im 
substrates used a comparatively low resolution plastic mask, whereas the 254/im and
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Figure 9.17: Diagram of slotline ring resonator with CPW feed
127/im subtrates shared a high resoloution chrome mask for better resolution. Due to 
the extremely wide measurement bandwidth two slightly different types of feed were 
used to accommodate CPW probes of different pitches, and the dimensions of the 
fabricated circuits are given in Table 9.2.
The circuits were intended to examine the properties of the slotline waveguide mode, 
which does not have a conductor backing, but instead assumes air. This necessitated 
elevation of the circuits above the probe-station base plate, and was achieved by sup­
porting the circuits 8mm above the base plate using glass slides, and keeping the under 
side of the circuit clear of the glass. It was found that 8mm elevation was insufficient 
to prevent excitation of parasitic microstrip modes when using the 127//m substrate, 
but the problem was confined only to the first two or three resonances, above which 
the slotline mode was strongly excited, and the microstrip modes were not excited.
Because it is known that curvature affects the resonance frequencies of the mi­
crostrip ring resonator (see chapter 7), rings of different radii were fabricated to ensure 
that the curvature effects were small enough to be neglected. Each 5cm square tile had 
rings of radius 2.5, 5, 7.5 and 10mm. All rings on a tile share the same slot width. For 
the 127/im thick circuits, the available mask area was smaller, so only 7.5mm radius 
slotline rings were used. Figure 9.18 shows 4 slotline resonators. Figure 9.19 shows 
microscope images of the ring feed. The rough surface of the ADS-96R substrate can 
clearly be seen in the image as the white alumina areas have crystalline highlights. The
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Table 9.2: Parameters of Slotline rings fabricated on alumina
Thickness, h 127/im 254/im 635 /im
Dielectric constant at lOGHz, 9.6 9.5 9.5
Feed length 600/im 600/im 1500/im
Feed CPW width 40/xm 40/im 65/im
Feed CPW gap 40/im 40/im 45/im
Ring Ground width, Wg 2500/im 2500/im 2500/im
Ring slot width (a), Wg 120/im 120/im 100/im
Ring slot width (b), Wg 220/im 220/im 200/im
line definition is excellent, and is limited by the mask resolution which has produced 
slightly rounded corners. A surface profile across one of the 200/im slots is shown in 
figure 9.20 which shows that the ADS-96R is very rough compared with the polished 
Superstrate. This is reflected in the price, with the Superstrate being approximately 
fifty times more expensive.
r
Figure 9.18: Photograph of thinfilm ring resonators on 5cm square ADS96R alumina
The SDA has been used to calculate theoretical values for the effective dielectric 
constant of the slotline. Although the groundplanes of the resonators are finite in width 
(2.5mm), they have been assumed infinite, and only the pure slotline mode has been 
considered. The basis functions to approximate the electric fields in the slot are those 
of [46], and assume E-wall symmetry for the electric fields. Five basis functions were
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Figure 9.19: Microscope images of the CPW feed on Coorstek ADS-96R (left) and
Superstrate (right). Feed length is 0.6mm, view size is approximately 1200/im x 900/rm
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Figure 9.20: Surface profile across a 200/rm slotline 
used in each direction of the form:
Exn{^) —
Ezn{^) —
9.10.2 R esults
cos[2(n — l)7Tx/r 
y/T^^j2xJw ÿ  
sm[2n7Tx/w] 
y i  -  [2x/wY
(9.23a)
(9.23b)
The ring resonators demonstrated very clear resonances. Minor perturbations occurred 
at frequencies when the feed line was resonant, and at low frequencies, parasitic mi­
crostrip resonances were present on the thin substrate. The ring transmission was 
measured with an HP8510XF network analyser up to llOGHz, and to 140-220GHz us­
ing an Oleson microwave frequency extender. No measurements were possible between 
110-140GHz. Figure 9.21 shows a typical resonance plot for a slot width of 200/im on
(Tff/LPTIELR (). I)()7WL4uO\rv4JPj3ft(}/l(7ff fSJCktj
the 127//m substrate.
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Figure 9.21: Measured frequency response of a 200//m thin-film slotline
Figure 9.22 shows the extracted effective dielectric constant for rings of radius 2.5, 
5 and 7.5mm on the 254/rm substrate The graphs show that the slotline on all three 
rings follows exactly the same frequency characteristic, confirming that the curvature 
effects are negligible in this case.
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Figure 9.22: Extracted Ce// for rings of different radius
Figure 9.23 shows the extracted and SDA predicted dispersion characteristics for 
the effective dielectric constant for all six different slotline rings. The 7.5rnrn or 10mm 
radius rings were used to obtain a dense sampling of measurements. The Q factor of 
the rings was also calculated at spot frequencies, and from this, the line loss can be 
calculated. On the 254//m substrate, the 200fim slotline showed an unloaded Q of 400
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Figure 9.23: Extracted Ce// for slotline rings on various substrate thicknesses
at lOOGHz (line loss 0.05dB/mm) and the 200/im line on the 127/im substrate had a 
Q of 500 at 200GHz (line loss 0.08dB/mm). For the 127/im and 254/im substrates, 
the SDA has predicted the dispersion effects extremely accurately (better than 1%), 
although the finite groundplanes cause a small error at low frequencies. The fit for the 
635/im rings is not as good, and the measurement may be limited by the comparatively 
poor mask resolution which resulted in slightly asymmetric slotlines and feeds in the 
fabricated circuits. The finite groundplanes are also more significant on the thick 
substrates, and this will be studied further in the next section.
Although the fit for the two thinnest substrates is extremely good, the measurement 
is quite sensitive to the circuit dimensions - particularly on the thinnest substrate. The 
thickness of the 127//m substrates is specified by Coorstek to be within ilO/um. It was 
possible to mount the substrates sideways into an optical microscope and measure the 
thickness, which was found to be 125/rm for the narrow slotline and 133/rm for the 
wide slotline. It was not possible to measure the thickness of the ADS-96R substrates 
as they were too thick and nominal manufacturers thicknesses have been assumed.
To demonstrate this sensitivity, the Matlab SDA solver has been used to show how 
the Ceff varies as a function of substrate thickness for a slotline of width 120/im. The 
substrate height has been varied over the range 117-137/im which is the manufacturers 
specification. The graph (figure 9.24) also shows the e ffec ts  of changing the slot width 
by ±10/im, although this does not significantly affect the dispersion characteristics.
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Figure 9.24: Sensitivity of eg// on slot width and substrate height
9.11 Verification of Coplanar Strips dispersion
Because the slotline rings described in the previous section used finite grounds, it is 
also possible to study them using Coplanar Strip waveguide techniques. Note that in 
the design of the slotline ring resonator in [42], although the grounds are finite, the 
circuit shape is square, so the effective coplanar strips waveguide formed has a non- 
uniform groundplane size. This is not the case for the rings designed for the current 
work, as the groundplanes are uniform and of equal size. The only perturbation is the 
feed which is electrically small at low frequencies.
The previous section used the SDA to discover the electric held distribution in the 
slot. In this section, the SDA will be used to work out the surface current distribution 
on the coplanar strips. If the strip is wide compared to the slot width, then this 
formulation is quite inefhcient, as it requires a large number of basis functions to 
attain convergence. The basis functions used are similar to those used for the electric 
held in a CPW [46]. Electric wall symmetry is assumed.
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where b  =  l/2(wg +  W g ) .
The Fourier transforms of these current distributions are similar to (9.18), but with 
an additional sin /  cos term as described in the section on multiple conductors. The 
shapes of the first two basis functions are shown in figure 9.25 - electric wall symmetry 
has been assumed at a; =  0. Electric wall symmetry forces to be an odd function and 
Jx to be even. Magnetic wall symmetry has the opposite form, but is the non-dominant 
CPS mode. The figure shows that the surface current density is non-zero only on the 
strips.
By considering the width of the ground conductors, the slotline ring on the 635/am 
alumina described in the previous section has been re-analysed. Because of the asym­
metrical current distribution, more spectral terms were required to achieve satisfactory 
convergence. Ten basis functions were used in the each direction which increased com­
putation time, although it was still only a few seconds. The results of the calculation 
are plotted in figure 9.26. The graph shows the SDA computed dispersion curves for 
both the slotline and CPS mode and the data points clearly follow the CPS dispersion 
curve. The residual discrepancy between the theoretical and measured data is thought 
to be due to fabrication errors, in particular, the low resolution mask data.
155
5
n=0
0
n=1
■5^
-1.5 ■1 -0.5 0 0.5 1 1.5
2
n=1
1
0 n=2
■1
■2^
-1.5 1 -0.5 0 0.5 1 1.5
Figure 9.25: Shapes of first two CPS basis functions
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Figure 9.26: Measured eg// of slotline/CPS ring resonator on 635/im thick alumina
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9.11.1 H igher order m odes
One of the advantages of the SDA is that it allows separation of modes into even 
and odd modes, and can give a visualisation of the field distribution for all modes. 
Conventional analysis packages such as ADS Momentum are not able to de-embed 
higher order modes properly and can give unrealistic (and even unphysical) results due 
to a poor energy balance. If the coplanar strips are narrow enough, then a higher order 
mode is supported with magnetic wall symmetry. An experiment was designed to test 
this, although the results were not satisfactory. Figure 9.27 shows a diagram of the 
fabricated rings, along with a photograph. The photograph also shows some of the 
wider slotline rings described in the previous section. The rings can be analysed with 
the same technique as used in the previous section, with the strip width being Wg and 
the distance between the strips Ws-
2r
Figure 9.27; Narrow conductor CPS rings. Alumina tile is 5cm square
The mask had two narrow ring designs on it, both of which were tested out on 
the three available substrate thicknesses. The rings did not show clear resonances 
however, and it was not feasible to try to record the peaks in the frequency response. 
The clearest data were obtained from a ring fabricated on the 635/rm substrate - the 
frequency response for this ring is shown in figure 9.28. The strip width {wg) was 90/rm, 
the strip spacing (wg) was 60//m and the ring radius was 7.5mm. Although the figure 
shows resonances above 40GHz, below 40GHz the frequency response is distorted and 
difficult to interpret. The frequencies of the resonances above 40GHz were recorded, 
and the effective dielectric constant calculated. This is shown in figure 9.29. The graph 
also shows the dispersion calculated by the SDA assuming both magnetic wall and 
electric wall symmetry. Note that the electric wall symmetry is the normal differential
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CPS mode of operation (pseudo-slotline). It is interesting to note that the extracted 
Ceff follows the E-Wall symmetry prediction very closely above 40GHz, but the point 
where the two curves cross is also the frequency at which the ring started showing clear 
resonances.
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Figure 9.28: Frequency response of CPS ring in 635/im thick alumina
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Figure 9.29: Calculated eg// for CPS ring resonator
The SDA was used to compute the mode pattern in the CPS waveguide for the 
F-wall and M-wall symmetrical waveguides and is shown in figure 9.30. Although the 
two modes clearly have the opposite symmetry, it is also possible to see that the surface 
current density is much stronger in the longitudinal (z) direction, and is concentrated 
at the edge of the strip. Although difficult to make out from the graphs, the current 
distribution is much stronger at the outside strip edges in the M-wall mode. This is 
characteristic of a surface wave type of mode.
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Figure 9.30: Calculated CPS mode pattern - E-wall symmetry (black) M-wall sym­
metry (red)
Although this particular experiment was not entirely successful, and it was hoped 
that both modes would be excited at various frequencies, it has shown the the SDA 
can give useful information at higher modes. Although the CPS should support both 
modes, it is possible that the M-wall mode was suppressed by the direct connection of 
the two grounded CPW probes. This forces one of the CPW modes on the feed line, 
which in turn may excite only one of the CPS modes. Another interesting thought 
is that at 40GHz, both CPS modes have the same effective dielectric constant (the 
dispersion curves cross at 40GHz), but opposite polarity. This means that the modes 
are degenerate. Because they have opposite polarity, they may cancel each other out, 
causing the sharp null in the frequency response at 40GHz.
9.12 Conclusions
This chapter has demonstrated that the spectral domain approach is an accurate 
method of determining the dispersion characteristics of planar transmission lines. As 
well as verifying the technique with microstrip rings, very high performance slotline 
and coplanar strips ring resonators have been fabricated which also showed the pre­
dicted dispersion. Operation of slotline and CPS ring resonators at frequencies above 
30GHz is new, and this chapter has shown that useful dispersion information can be 
obtained from the rings.
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A limitation of the SDA is that the conductors must be of infinitesimal thickness. 
Whilst this is clearly impractical, the thin film fabrication technique used predomi­
nantly in this work allowed conductor thicknesses of 2-3fxm. These conductor thick­
nesses still appear to behave as electrically thin, even at 200GHz on 127pm substrates. 
Because the slotline mode has a much greater fringing field than microstrip (which can 
be seen from the low Cg// values), it is likely that it would be more sensitive to con­
ductor thickness, so the SDA technique should be used with caution if the conductors 
are thicker.
Although few design equations exist for slotline design, they are much more inaccu­
rate than the microstrip design equations and were not used in this study. Janaswamy 
[51] offers the most recent equations from 1985, and despite being simple and suitable 
for hand calculation, they are of limited accuracy, being based upon a SDA with only 
one basis function. It was felt worth while creating a Matlab implementation of the 
spectral domain approach, and the software is sufficiently versatile that many different 
types of planar line can be studied. Being a full-wave analysis technique, the SDA will 
asymptotically approach the correct field distribution, provided that suflacient basis 
functions are used, and subject to the constraint that the system contains zero verti­
cally directed current density (zero thickness conductors). The Matlab program has 
been shown to predict the dispersion characteristics of slotline with excellent accuracy, 
and may be useful for further research.
Chapter 10 
Sensitivity and Error analysis
10.1 Introduction
The ring resonator is a sensitive measurement technique frequently used for materials 
characterisation. It is therefore useful to obtain a feeling for the accuracy and signifi­
cance of data obtained using this method. Although the technique uses a superficially 
simple structure, other chapters in this thesis have shown that factors such as cur­
vature, conductor thickness and edge roughness can cause departure from the ideal 
behaviour expected by a “perfect” ring resonator. This chapter will make recommen­
dations which can be used to minimise uncertainty in measurements using the resonant 
ring.
This chapter will consider two sources of error or uncertainty which occur, and will 
discuss some of the problems and ways they can be mitigated or minimised:
1. Fabrication/Measurement error
2. Analysis error
To a certain degree, it is possible to accept imperfections in one section and resolve 
them in another. For example, if a fabrication process causes the ring conductor to 
shrink in width, the fabricated circuit can be measured and the physical width used 
for analysis.
It is necessary to consider the various assumptions made and how reasonably they 
represent the physical system. Because a fully accurate model of the ring resonator is 
not possible, a trade off has to be made to determine the important factors. These 
factors can be broken into three categories:
1. A certain factor has negligible effect on the ring resonator
2. A certain factor has a small effect on the ring resonator and can be measured 
and modelled
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3. A certain factor a significant effect on the ring resonator but cannot be measured 
and/or modelled
A good example is that of the conductor thickness for microstrip lines. If the conductor 
is less than 1% of the substrate thickness and track width then it has no significant 
effect on the effective dielectric constant. For conductors of moderate thickness, the 
effective dielectric constant decreases slightly, but analysis techniques exist that can 
compensate for this, provided that the conductor thickness is known. If the conductor 
thickness is very high (perhaps 50% or more of the track width or substrate height) 
then the microstrip design equations become very inaccurate and the system can only 
be modelled with a complex 3D computer analysis package. Of course the situation can 
be turned around, and the ring resonator can be used as a tool for studying this factor. 
This was done in chapter 7 where rings were deliberately fabricated with extreme 
curvature to see how this affected the ring behaviour.
10.2 Fabrication and M easurement errors
The analysis in this thesis has assumed that the rings are perfectly fabricated. The 
conductors are assumed to be infinitely thin, or of a certain thickness, with rectangular 
cross section. Similarly the substrate is assumed to have uniform thickness, and the 
printed circuits perfectly circular. Another significant assumption is that the material 
properties (particularly the thickness and dielectric constant) do not vary across the 
substrate. All of these assumptions (and several others) are to some extent false.
Fabrication of the ring resonators is a physical process, and it is inevitable that 
certain imperfections will arise. Chapter 4 which described the fabrication processes 
used in this work showed that one of the most significant sources of fabrication error 
is conductor shrinkage. The etched conductors tended to shrink by approximately 2-3 
times the conductor thickness, and the thick-film conductors tended to shrink by 10- 
20/im. In addition to having a significant width reduction, very fine conductor widths 
also tend to have rough edges. Figure 10.1 shows a highly enlarged view of the 250/^m 
ruler test pattern. Although the lines (which are 25/im wide on the mask) are distinct, 
the edges of the lines are very rough, so the actual width of the lines is poorly defined. 
This may be expected to cause mode splitting as described in chapter 8 if the lines are 
narrow, as variations would exist in the line impedance.
To see how some of the physical properties of a microstrip affect its effective dielec­
tric constant, an approximate quasi-static model can be used [56] after Hammerstad 
in 1975.
T 1 Cy — 1 /  . 12/l\  ^  ^  ^. _. _ . t
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The sensitivity of the effective dielectric constant is easily deduced from the partial
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Figure 10.1: Image of 25/rm thick-film lines
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To reduce the sensitivity of Ce// on the physical circuit dimensions it is seen that 
wide, thin conductors should be used. This will also reduce the possibility of mode 
splitting, as the rough edges on a wide line will only cause a very small percentage 
change in the line width. Wide lines may cause other problems such as increased 
radiation loss and frequency shift due to curvature unless the ring radius is large. It is 
often possible for the conductor thickness to be completely neglected, as the last term 
in (10.1) is usually small compared to the first. This is advantageous, as it allows the 
use of computationally efficient computer algorithms, such as the SDA, for evaluating 
dispersion.
The effective dielectric constant is also seen to depend on the thickness of the 
dielectric (fi). The thickness of dielectric materials may be poorly specified, or difficult 
to measure therefore thicker materials would be preferred due to any thickness variation 
or uncertainty having a reduced fractional effect.
A similar argument follows for slotline ring resonators, however the effective di­
electric constant of a slotline is not as sensitive to the width as in microstrip. It 
is significantly more sensitive to the substrate height however, and requires accurate 
knowledge of the substrate thickness. Unfortunately, a simple expression similar to
CHAPTER 10. SENSITIVITY AND ERROR ANALYSIS 163
(10.1) does not exist for slotline, and so it is not so straightforward to carry out a sen­
sitivity analysis. Piecewise curve fitted expressions do exist (see Janaswamy[75]) but 
they are rather inaccurate, and have large discontinuities. No curve fitted expressions 
exist for the effect of the conductor thickness on slotline effective dielectric constant, 
however it is known to be more significant than for microstrip. Kitazawa[76] analysed 
a slotline using an enhanced SDA technique which included conductor thickness. This 
work showed a decrease in effective dielectric constant of 7% for a slotline of width 
500/rm and thickness 50/rm using a 1mm thick dielectric with permitivitty of 20. For 
a material with lower permitivitty, a larger fractional change may occur in Cg// due 
to conductor thickness, as more of the field will be in the air region of the slotline. 
As no tabulated or easily calculated data was available, only extremely thin thin-fflm 
conductors were used in this work, in the hope that the conductor thickness was neg­
ligible. Good experimental and theoretical agreement in chapter 9 suggests that this 
is the case.
The ring resonant frequency is inversely proportional to the length of the line, and 
so measurements using the ring require this length to be well defined. This means that 
accurate photomasks should be used to prevent the ring radius changing. It was found 
that producing photo-masks on a laser printer could cause a systematic error, as the 
laser printer had different scale factors in the x — y directions which slightly changed 
the ring length by approximately 1%. This translates directly to a frequency error of 
1%. Glass photo-masks are also to be prefered over plastic masks, due to improved 
mechanical stability.
Chapter 8 was concerned with mode splitting due to physical discontinuities and 
showed that if the ring is not uniform in cross section after fabrication, then reso­
nances may split which causes ambiguity in measuring the resonant frequency and 
significant inaccuracy in measuring the Q factor. It was shown that the mode splitting 
occurred due to impedance discontinuities, which arise when the width of a microstrip 
(or slotline) varies. Although this could be used to theoretically correct for the presence 
of a single large discontinuity, it is felt that the technique would be more useful for 
analysing rough conductor edges. This would allow a decision to be made on whether 
the measured performance of a physical circuit was affected by real world fabrication 
deficiencies.
This section has shown that although the resonant frequencies of the ring resonator 
shows some sensitivity to fabricated dimensions, it is straightforward to measure the 
physical circuit dimensions using a microscope to remove uncertainty. It has also shown 
that wide conductors (or slots) should be used to further reduce the sensitivity of the 
measurement on rough edges.
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10.3 Analysis errors
This section will critically review some of the outstanding issues that are known to limit 
the accuracy of the ring resonator technique, which cannot be reliably de-embedded if 
these factors become too large. These factors will be broken down as follows, although 
it should be noted that some of these issues are inter-related.
1. Loading
2. Curvature
3. Loss factors
4. Dispersion
10.3.1 Loading
In this work, the coupling between the feed line and resonator has been modelled by 
a single (frequency dependent) capacitor. The basis for this choice was made on work 
covering end coupled microstrip lines (see Benedek[64]), which was also studied by 
Yu[25] in the context of the ring resonator. This coupling model is very superficial, 
and these studies only considered quasi-static models with no frequency dependence. 
A more thorough study was made by Jackson and Pozar[77] using a moment method 
which considered the loss in the gap due to surface and space wave radiation. This 
model was significantly more complicated than the quasi-static analyses, but allowed 
a study to be made into the disturbance of the current density on the microstrip lines. 
Unfortunately, these microstrip gap analyses are not strictly valid for the ring resonator, 
as the resonator gap more closely resembles a T-junction rather than a straight gap.
A computer simulation experiment has been carried out to demonstrate this effect. 
A ring of radius 2.5mm and width 250/im was simulated on a 0.25mm thick substrate 
and fed with two short 200/im wide microstrip feeds. The feed length was kept constant, 
but the gap size progressively increased. The simulation used a large number of cells per 
wavelength (100) in an attempt to increase accuracy, and the simulated data fitted to 
the capacitively coupled equivalent circuit described in chapter 5. The electromagnetic 
simulator (ADS Momentum) was able to de-embed the feedlines by subtracting the 
phase shift introduced. Because the ring was identical in each experiment, it is possible 
to see how well the simple series capacitors can model the gap coupling effect. Figure 
10.2 shows the simulated transmission across the rings as the gap size is varied from 
25/rm to 600/im. The figure shows that the transmission decreases as the gap size 
increases as expected. An interesting effect occurs when the gap is wide however, and 
the shape of the graph changes. For large gaps, the coupling to the ring is so weak 
that the two feed lines couple to each other through the TMq substrate mode (which is
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always present in microstrip, but normally only weakly excited) and radiation between 
the feeds. This means that there is coupling between the feeds away from the resonant 
frequencies which perturbs the resonance curve.
The graph also shows the circuit with 600/rm gaps, with the ring removed com­
pletely. The transmission follows the same curve as for the 600//m gap coupled ring, 
except it is missing the ring resonance at 7.36GHz, thus confirming that there is another 
transmission mechanism.
Because the signal has multiple paths between the feeds ( T M q substrate mode, 
radiation and coupling through the ring), it is also possible for interference effects to 
occur for certain gap spacings. For example the coupling through the T M q substrate 
mode will have a phase difference between the coupling that occurs through the ring 
and destructive interference may occur, and significantly perturb the ring resonant 
peak.
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Figure 10.2: Effect of gap size on ring transmission
The effective dielectric constant was extracted by two methods, firstly simply by 
recording the peak in the resonant frequency and secondly by using the equivalent 
circuit fitted data. This is shown in figure 10.3. The unloaded Q factor was also 
extracted by using the graphical (3dB and insertion loss) method and the equivalent 
circuit. This data is shown in figure 10.4.
Both of the graphs show that the two independent methods of extracting the data 
converge on the same answer (cg// =  6.71, Qo = 681.5), and that the equivalent circuit 
performs better as the gap size increases. Neither method is able to fully de-embed the 
effects of the feed line loading, which confirms that the ring must be loosely coupled to 
achieve accurate results. If the coupling is too loose however, then coupling may occur 
via parasitic modes which will damp out the ring resonance. As the coupling is made
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Figure 10.4: Effect of gap size on extracted unloaded Q factor
weaker, the instrument dynamic range requirement is increased. It was found that a 
good compromise between loose coupling and tightly coupled resonances was to make 
the microstrip gap size between 1 and 0.5 times the substrate height.
At higher frequencies, where the wavelength is shorter, it may be expected that the 
physical width of the feed may significantly distort electromagnetic fields surrounding 
the ring. In this case, it was found that narrow feed lines, and increased gap sizes, 
helped. The direct coupled resonator presented in chapter 6 eliminates the uncertainty 
introduced by the coupling gap but offers significant potential for disturbance of the 
ring fields, effectively changing the length of the ring. The width of the feedlines (or 
at least the lines near to the ring) should be minimised to reduce this effect.
10.3.2 Curvature
The effects of curvature on microstrip rings are covered in detail in chapter 7, which 
considers a shift in resonant frequency and increased loss due to radiation in highly 
curved rings. Although these equations can be used to account for changes in moder­
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ately curved rings, it is thought better to avoid the issue altogether by using a larger 
diameter ring. The analysis presented was not based upon rigorous full wave methods, 
but made certain assumptions such as that the dielectric being electrically thin. It 
would be possible to apply the SDA to rigorously analyse the two dimensional ring 
structure but it is unlikely that the effort would justify the improvement in accuracy. 
Pintzos and Pregla[78] did in fact analyse the ring using a moment method in the space 
domain, but they used a uniform current distribution across the strip which may limit 
the accuracy of their result. An extension of their work using the SDA with a more 
appropriate radial current distribution would allow a model of the ring resonator to 
be created which included dispersion and radiation effects, without the need to use 
empirical models such as the planar waveguide model.
The analysis presented showed that unless the ring is highly curved, then the shift 
in resonance frequency is negligible, with less than 1% change in resonant frequency 
if the ring width is less than 0.3 times the radius. The radiation from the ring was 
found to be much more significant but requires numerical integration to evaluate. The 
equations developed to predict radiation were validated using practical experiments 
carried out on RT Duroid and gave good results. If the ring is radiating a significant 
amount of energy, then there is potential for other objects (such as the test fixture or 
other structures on the same board) close to the ring to interact with this energy, and 
interfere with the measurement.
The radiation loss increases as the conductor width increases, as the substrate 
height is increased, or the dielectric constant decreased. The radiation loss can be 
reduced by increasing the radius of the resonator, which decreases the curvature.
10.3.3 Loss factors
The ring resonator has been frequently used for examining the properties of dielectric 
materials. By measuring the resonant frequencies, the real part of the dielectric con­
stant can be deduced. By measuring the Q factor of the resonances, and accounting 
for all losses, the imaginary part of the dielectric constant can be deduced (and hence 
tan(^). It has been shown in this work that the ring Q factor is dependent on three 
sources of loss:
1. Conductor loss
2. Dielectric loss
3. Radiation loss
For completeness, it should also be noted that the apparent Q factor may be reduced if 
mode splitting occurs and the split modes are too close to resolve. As well as space wave
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loss, the radiation loss may also include factors from surface wave or mode conversion, 
although these losses can only be resolved by extensive full-wave modelling. These 
losses have not been modelled in this study.
Measurement of the ring Q factor gives the total loss, which can be converted to 
dB/m or other convenient units by assuming that the ring is made of a lossy trans­
mission line. Although this information is very useful, if the dielectric loss tangent is 
required, then it becomes necessary to determine the fraction of the loss which occurs 
only in the dielectric. This requires the conductor and radiation loss to be accurately 
characterised which is not always possible.
By careful design of the resonators to minimise radiation from the ring, the problem 
is simplified to that of separating conductor and dielectric losses. All of the published 
microstrip loss equations studied are based upon formulations from the 1960s and 
1970s, and use quasi-static transmission line approximations. Whilst they may pro­
vide reasonable accuracy at microwave frequencies, at millimeter-wave frequencies the 
equations are invalid. Most of the equations require the conductor thickness to be 
greater than about 3 times the skin depth, which is usually easy to achieve. When the 
conductor rms surface rougness is high compared to the skin depth, then additional 
loss occurs. Without exception, in all of the papers found in the literatre which con­
sidered conductor loss, the authors either ignored surface roughness or made use of a 
curve fitted empirical expression. This expression is in turn fitted to data obtained 
by Morgan in 1948 [79] using manual numerical integration of a periodically roughened 
metal surface. This situation may not accurately represent a conductor with random 
surface roughness. It is not known how accurate this data is, but it showed that the 
conductor loss is increased by 60% when the roughness is of the same order as the skin 
depth.
As an example, consider a 460//m microstrip line on a 0.635mm thick alumina sub­
strate, using a thick-film silver conductor. Three different conductor loss equations 
have been used to calculate the line loss at 33GHz. The equations are those of Ham- 
merstad and Bekkadal, quoted by Edwards [30], a method after Gupta, quoted in [29], 
and the values obtained using ADS Linecalc. The data is shown in table 10.1. For 
reference, at 33GHz, the silver skin depth is 0.35//m and the dielectric line loss is 
7.9dB/m, assuming tan^ =  0.001 which is reasonable for alumina at 33GHz.
Table 10.1: Microstrip conductor loss
Thickness Gupta[29] Hammerstad[30] ADS Linecalc
1/im 10.3dB/m 12.5dB/m 6.9dB/m
2/im 9.7dB/m 12.5dB/m 7.3dB/m
5/rm 8.8dB/m 12.6dB/m 7.0dB/m
lOfim 8.1dB/m 12.6dB/m 6.6dB/m
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The uncertainty in the theoretical conductor loss is increased still further if con­
ductor roughness is included. According to Hammerstad’s expressions[14], a conductor 
roughness of 0.5/im rms (typical for an unpolished thick-film substrate) would increase 
these losses by a factor of 1.8.
The large variation between predicted conductor loss using the different equations 
leads to very low confidence in an accurate prediction of this factor. In chapter 5, a ring 
resonator was fabricated with a thick-film process using these dimensions on alumina. 
The measured loss was about 20dB/m at 33GHz, using an 8//m silver conductor. As­
suming an rms surface roughness of 0.5/im, and a dielectric loss of 7.9dB/m, the total 
theoretical line losses are 22.7dB/m (Gupta), 30.4dB/m (Hammerstad) and 20dB/m 
(ADS). Although the ADS result matches the measured data, the other theoretical 
models show divergence.
If this problem is repeated for a dielectric of unknown loss tangent (for example 
using the HDIOOO thick-film measured data from chapter 6) the problem becomes 
apparent. The measured line loss of one of the resonators at 82GHz was 132dB/m. The 
theoretical conductor losses are (again assuming silver, with 0.5/im rms roughness) are 
102dB/m (Gupta), 169dB/m (Hammersad) and 94dB/m (ADS). Giving each method 
equal weight means that the measured dielectric loss must lie between -37dB/m and 
H-38dB/m, leading to a tan^ value in the range ±0.0025. Glearly, some of these figures 
for the dielectric loss are nonsensical, which highlights the problems associated with 
separating the loss components.
The conductor loss calculation further assumes that the conductor is uniform and 
of rectangular cross section. This is clearly not the case for a thick-film conductor, 
which is made of metallic particles up to 5/zm in diameter in close proximity.
It should be pointed out that the slotline (and coplanar strips) resonators are not 
directly suitable for evaluating the dielectric loss, as no simple to use expressions for 
the individual loss components were found.
10.3.4 D ispersion
The resonant frequencies of the ring resonator are determined by the effective dielectric 
constant of the ring transmission line. Although the effective dielectric constant is 
dominated by the material dielectric constant, some of the electric fields travel through 
air, so the effective dielectric constant will always be lower than the substrate dielectric 
constant. The fraction of the field which travels through the dielectric depends on the 
type of transmission line, its geometry and the operating frequency. As the frequency 
increases, the fields are confined to a region closer to the conductor (and hence the 
dielectric supporting the conductor), so the effective dielectric constant increases with 
frequency. By surrounding the transmission line with a uniform dielectric (such as
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coaxial cable or stripline) it is possible to eliminate the effects of dispersion line, and 
the wave velocity is simply c/^/ë^. These types of transmission line therefore offer 
some advantages, although coupling to the resonator may be more difficult due to the 
complete enclosure of the circuit.
Three types of dispersive transmission line were considered in this study, namely 
microstrip, slotline and coplanar strips. As microstrip is in wide use, accurate design 
equations exist to determine its frequency dependent properties. The most recent of 
these equations are by Kirschning[13] and Kobayashi[15]. Despite being curve fitted 
to numerical data, these equations seem to predict the effective dielectric constant 
to better than 1-2% accuracy for electrically thin substrates, with a wide range of 
conductor widths. ADS Linecalc uses the method of Kirschning by default.
These curve fitted equations have been fitted to data generated by spectral domain 
full wave techniques, although the papers where the data are presented do not give 
many details of the analysis. An implementation of the spectral domain technique has 
also been made in Matlab for the present work, and can analyse these three types of 
dispersive transmission line. Even though the SDA is a numerical fullwave solution, 
which will converge on the correct solution provided that enough basis functions are 
used, it was still though necessary to verify the operation of the program (which is quite 
complex). Chapter 9 which describes the SDA demonstrates that the program gives 
realistic estimates of the effective dielectric constant, with numerical data agreeing with 
experimental data closely.
The dispersion solution of these transmission lines using thick conductors is ex­
tremely complicated, and very sophisticated methods are needed to analyse such struc­
tures, which should also take account of the finite metal conductivity. Hammerstad 
and Jensen[14] gave numerical expressions showing how the static effective dielectric 
constant varied with conductor thickness, although the dynamic (and especially high 
frequency) behaviour is not known. Methods for analysing slotlines with thick conduc­
tors have been described [76] [54], but only as mathematical algorithms. The conductor 
thickness is more significant on slotlines due to the greater fringing field. It is therefore 
recommended that if the ring resonator is used for evaluation of a material dielectric 
constant, then the conductor thickness should be as low as possible. As well as improv­
ing the physical resolution and definition of the fabricated circuits, it will also reduce 
uncertainty introduced in the dispersion characteristics. Agreement between measured 
data and numerical SDA simulations (neglecting conductor thickness) was achieved 
to around 1% with the slotline and coplanar strips circuits fabricated using thin-film 
techniques (2.5/im conductor thickness) which demonstrates the utility of the SDA for 
calculating dispersion.
Chapter 11
Conclusions
Although discussion and conclusions have been presented at the end of each chapter, 
this chapter summarises the findings from this research and a discussion will be made 
of avenues for further work.
The primary goal of this research was to explore the ring resonator in detail, and 
in particular to extend the upper frequency at which the resonator can be used. This 
research has presented detailed analysis of the ring resonator, fabricated from a variety 
of planar transmission lines. Several practical resonators have been constructed and 
tested, and high quality measurements have been made at frequencies up to 220GHz - 
twice the highest frequency previously reported.
11.1 Summary of Findings
The following areas were highlighted from the background study as being worthy of 
further study and were investigated in this thesis:
1. The nature of the coupling between the feedline and the ring
2. The possibility of using other types of transmission line in the ring resonator
3. Extension of the resonator technique above lOOGHz
4. Consideration of the radiation effects on the Q factor
5. Other factors which may affect the ring resonator when accuracy is important
6. Practical limitations (particularly important at high frequencies)
7. Extension of the SDA with improved basis functions
The coupling between the feedlines and ring resonator has not been widely explored 
in the past, and this work has developed and verified a new model for the coupling
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effect. The coupling has been assumed to be capacitive, and an equivalent circuit of 
the ring resonator and feed network formulated in chapter 3 and confirmed by practical 
measurements in chapter 5. The outcomes of this model were published in the lET 
Microwaves, Antennas and Propagation journal [7].
It was also found that the coupling between the ring and feedlines can be too weak 
at high frequencies to allow low dynamic range instruments to achieve satisfactory 
accuracy. To mitigate this effect, a new type of ring resonator was devised which 
employed direct coupling between then feeds and ring. This ring (reported at an 
IMAPS conference [5]) was able to offer information about a thick-film process at 
frequencies up to 220GHz - much higher than previously possible. This ring (and its 
analysis) is described in chapter 6.
Ring resonators using microstrip transmission line are well known. This work has 
also explored the use of stripline (shielded microstrip), slotline and coplanar strips. A 
ring resonator was also tested using a thick-film implementation of TEio waveguide, 
but the coupling was unsatisfactory, and no measurements were possible. These types 
of transmission line were shown to offer some advantages over microstrip lines. The 
stripline rings had a simplified analysis as there was no dispersion to consider and the 
slotline and coplanar strips rings were easier to fabricate as they are uniplanar. The 
coplanar strips and slotline rings were fabricated using a very high resolution thin- 
film process and showed very high Q factors (up to 500 at 200GHz), and showed line 
losses of less than O.ldB/mm at 200GHz. These are extremely low losses for planar 
transmission lines at these frequencies, due to the use of extremely low loss alumina 
with smooth conductors. The stripline experiments were described in chapter 6 and 
the coplanar strips and slotline resonators in chapter 9.
The background review found no reported ring resonator results above llOGHz, so 
the objective of extending this frequency has been clearly met. Resonators have been 
successfully tested at frequencies of 220GHz, which is a limit imposed by available 
instrumentation at the University Of Surrey, but it is thought that some of the circuits 
could operate at still higher frequencies if appropriate instrumentation was available. 
These rings were described in an Electronics Letter publication. [8]
The background review raised an interesting observation that although microstrip 
ring structures had been used for antennas, when the same structure was used for 
materials analysis, the radiation effects were generally ignored. An analysis in to the 
radiation effects of the ring resonator was made, and an IMAPS conference presentation 
reported the findings [4]. This presentation received the “Best Student Paper” award. 
The radiation effects associated with the ring resonator are derived in chapter 7, and 
verified practically by two different experiments. Both of these experiments confirmed 
that under certain circumstances, radiation can be the most significant source of loss 
on the ring resonator and should not be neglected. The analysis allows an estimate
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to be made of the radiation efficiency of a ring resonator. Practical guidelines were 
presented which allow the radiation loss to be mininmised, as it is often undesirable.
As well as the radiation loss, other factors which can affect the performance of the 
ring resonator were explored. It was shown in chapter 7 how the curvature of the ring 
causes a resonance frequency shift, as well as radiation loss. An experiment designed to 
measure this frequency shift on a ring resonator at 17GHz showed excellent agreement 
with the theory developed and presented in this work. It was demonstrated that a ring 
of large radius/width ratio suffers little frequency shift, which enables the design of 
rings where the curvature effects can be neglected, increasing measurement accuracy.
Chapter 8 developed a new segmented transmission line analysis technique which 
allows ring resonators with non-uniform cross section to be studied. The technique 
was significantly faster than a rigorous full-wave computer simulation, whilst still able 
to offer very accurate predictions. This work showed that perturbations on the ring 
cross section (intentional or otherwise) can cause the resonances to split. Although 
this effect could be exploited in a positive fashion to make very narrowband filters, it 
also has potential for significant measurement errors when using the ring resonator for 
materials analysis.
Because the work considered many practical resonator circuits, fabricated on a vari­
ety of different substrate materials using different processing technologies and transmis­
sion line types, many practical issues have been discovered and overcome. It has been 
demonstrated that the ring resonator technique is quite insensitive to feedline imper­
fections, which has the advantage that ultra-wideband circuits covering multi-decade 
frequency ranges are possible. Microstrip vias were found to affect the performance of 
the feedlines (in particular direct coupled rings), but this could be mitigated by im­
proved processing techniques (such as thick-film) or eliminating the vias altogether and 
using uniplanar resonators made with slotline or coplanar strips. The effect of non-zero 
conductor thickness has been considered, and found to be significant, but difficult to 
accurately account for.
This work has made considerable use of a full-wave analysis technique called the 
Spectral Domain Approach, which was described in chapter 9. Although not new, 
advances in computer power have enabled this technique to be applied much more 
accurately than when originally proposed. Matlab code was written which implements 
the SDA for a number of different types of planar transmission line, and the appendix 
gives the coplanar strips code. This implementation of the SDA was able to predict the 
effective dielectric constant of stripline and coplanar strips ring resonators to about 1% 
accuracy over the frequency range 2-220GHz. This is a very significant improvement 
of previous analysis which attained good agreement of a slotline ring resonator only 
over a narrow bandwidth of 27-33GHz. The Matlab code was also able to predict the 
dispersion characteristics of coplanar strips waveguide for both dominant and higher
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order modes, which is useful as no simplified design equations at all appear to exist for 
this type of waveguide.
11.2 Potential areas for future work
Chapter 10 presented a critical analysis of some of the factors which are known to affect 
the ring resonator and how well they can be accounted for. As a common use for the 
ring resonator is materials analysis, accurately accounting for all of these effects will 
improve the accuracy of the technique.
As a result of this work, the following items are thought to be interesting areas for 
further work:
1. The effect of loading on the ring resonator very complicated and difficult to 
accurately account for. Although this work has presented a simple equivalent 
circuit which includes some loading effects, the accuracy is reduced if the loading 
becomes increased due to tight coupling. This equivalent circuit could be refined.
2. It is recognised that the SDA is only valid for conductors of zero thickness, which 
is clearly impossible in a real circuit. It would be useful to explore the effects of 
conductor thickness on the dispersion characteristics of planar transmission lines, 
as generally, only superficial static analyses exist.
3. If the ring resonator is to be used for materials characterisation, especially loss 
measurements, it is useful to be able to break the loss down into its various com­
ponents. The effects of conductor loss are poorly understood for microstrip lines, 
and effectively completely unknown for slotline and coplanar strips transmission 
lines.
4. The utility of the direct coupled ring resonator could be improved if the loading 
effect of the feedline were accurately accounted for.
5. The segmented transmission line model of the ring resonator developed in chapter 
8 could be used to explore the effects of rough-edged conductors, as they may 
cause a Q-factor reduction or mode splitting in the ring resonator
6. The SDA code developed in this work has proved extremely useful and accurate 
for analysing Cg// of various planar transmission lines. It would be interesting to 
extend this code to examine the characteristic impedance (Zq) variations with 
frequency, and to consider lossy materials.
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Influence of radiation losses in microstrip ring resonators used for materials 
characterisation
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Abstract
N ew  data have been obtained on the design o f  microstrip ring resonators used to measure dielectric 
properties o f  PCB materials. This study considers edge coupled one port resonators, and produced an equivalent 
circuit model. This model consists o f  a transmission lin e feed  and capacitive network representing the coupling gap 
between the fe e d  and ring. A n equivalent circuit based on the cavity and transmission line models is form ulated  fo r  
the ring, close to resonance. This model accounts fo r  a ll the loss mechanisms independently, and allows 
contributions due to radiation, dielectric loss and conductor loss to be individually calculated. From this equivalent 
circuit network, it is straightforward to account fo r  radiation loss, which significantly improves the determination of 
the substrate losses.
Based on the theoretical model, and electromagnetic simulations, a selection o f  resonators were fabricated  
on a Duroid substrate with er=2.33 and thickness 1.575mm. Measurements on the resonators demonstrate radiation  
efficiencies o f  the order 40-60%, but displaying the high-Q behaviour expected o f  a resonator. The equivalent 
circuit model is compared to the measurements and found  to be in very close agreement, especially with regards to 
predicting the resonance frequency and losses. The equivalent circuit is found  to be extremely sensitive to the 
capacitance o f  the coupling gap, and explicit modelling o f  this gap allows usual trial and error methods of 
determining its influence to be eliminated..
K e y  w o r d s :  R i n g  R e s o n a t o r ,  D i e l e c t r i c  P r o p e r t i e s ,  R a d i a t i o n  L o s s ,  C i r c u i t  M o d e l l i n g
I. Introduction
T h e  e d g e  c o u p l e d  m i e r o s t r i p  r i n g  r e s o n a t o r  
i s  c o m m o n l y  u s e d  t o  d e t e r m i n e  m i c r o w a v e  s u b s t r a t e  
p r o p e r t i e s  [ 1 ] ,  i n  p a r t i c u l a r ,  t h e  d i e l e c t r i c  c o n s t a n t  
a n d  l o s s  t a n g e n t  [ 2 ] .  I t  i s  a l s o  w e l l  k n o w n  t h a t  a  
m i c r o s t r i p  r i n g  c i r c u i t  c a n  a c t  a s  a  n a r r o w b a n d  
a n t e n n a  [ 3 ] .  N o r m a l l y  r a d i a t i o n  l o s s e s  a r e  n e g l e c t e d  
w h e n  u s i n g  r i n g  r e s o n a t o r s  t o  d e t e r m i n e  s u b s t r a t e  
p a r a m e t e r s  b u t  o n  t h i e k ,  l o w  l o s s  s u b s t r a t e s ,  r a d i a t i o n  
e a n  b e  t h e  m o s t  s i g n i f i c a n t  l o s s  m e c h a n i s m  a s  w i l l  b e  
d e m o n s t r a t e d .
B y  f o r m i n g  a  c i r c u l a r  r i n g  o u t  o f  a  
m i c r o s t r i p  l i n e ,  a n d  l o o s e l y  c o u p l i n g  t h e  r i n g  t o  a  
t r a n s m i s s i o n  m e a s u r e m e n t  i n s t r u m e n t ,  i t  i s  f o u n d  t h a t  
t h e  r i n g  e x h i b i t s  s h a r p  t r a n s m i s s i o n  r e s o n a n c e s .  T h e  
r e s o n a n c e s  o c e u r  w h e n  t h e  l e n g t h  o f  t h e  r i n g  i s  a n  
i n t e g e r  n u m b e r  o f  g u i d e d  w a v e l e n g t h s  l o n g  a s  a  
s t a n d i n g  w a v e  p a t t e r n  i s  s e t u p  w h i c h  a l l o w s ,  t h e  
m i c r o w a v e  s i g n a l  t o  p r o p a g a t e  a r o u n d  t h e  r i n g .
S i n c e  t h e  g u i d e  w a v e l e n g t h  i s  s t r o n g l y  
d e p e n d e n t  o n  t h e  p r o p e r t i e s  o f  t h e  s u b s t r a t e  m a t e r i a l ,  
b y  m e a s u r i n g  t h e  f r e q u e n c i e s  a t  w h i c h  t h e  r i n g  
r e s o n a t e s ,  i t  i s  p o s s i b l e  t o  d e t e r m i n e  t h e  v e l o c i t y  o f  
p r o p a g a t i o n  a n d  h e n c e  t h e  e f f e e t i v e  d i e l e e t r i c
c o n s t a n t  o f  t h e  m i c r o s t r i p .  T h e  r i n g  r e s o n a t o r  a l s o  
s u p p o r t s  h i g h e r  o r d e r  m o d e s ,  w h e r e  t h e  f i e l d  v a r i e s  
a c r o s s  t h e  w i d t h  o f  t h e  m i c r o s t r i p  t r a c k  a n d  a c r o s s  t h e  
h e i g h t  o f  t h e  s u b s t r a t e .  T h e s e  m o d e s  a r e  n o t  
c o n s i d e r e d  i n  t h i s  p a p e r ,  a n d  s t e p s  a r e  t a k e n  t o  a v o i d  
e x e i t i n g  t h e m  [ 4 ] .  T h i s  p a p e r  p r e s e n t s  t h e o r e t i c a l  
c a l c u l a t i o n s  f o r  d e t e r m i n i n g  t h e  r e s o n a n t  f r e q u e n c y  
a n d  l o s s  c h a r a c t e r i s t i c s  o f  t h e  r i n g  r e s o n a t o r .  T h e s e  
c a l c u l a t i o n s  a r e  b a e k e d  u p  b y  m e a s u r e m e n t s  o n  
r e s o n a t o r s  b u i l t  o n  R T  D u r o i d .
n. M ethod of analysis
T w o  m e t h o d s  a r e  u s e d  t o  a n a l y s e  t h e  r i n g  
r e s o n a t o r .  I f  t h e  r i n g  w i d t h  i s  n a r r o w  i n  c o m p a r i s o n  
w i t h  t h e  r a d i u s  ( w / r < 0 . 2 ) ,  t h e n  t h e  r e s o n a n c e  
f r e q u e n c i e s  c a n  b e  c a l c u l a t e d  b y  a s s u m i n g  t h a t  t h e  
e l e c t r i c a l  l e n g t h  o f  t h e  m i c r o s t r i p  r i n g  i s  a n  i n t e g e r  
n u m b e r  o f  w a v e l e n g t h s  l o n g  [ 5 ] .  T h i s  c a l c u l a t i o n  c a n  
b e  m a d e  w i t h  k n o w l e d g e  o f  t h e  g e o m e t r y  o f  t h e  r i n g  
a n d  s t a n d a r d  m i c r o s t r i p  e q u a t i o n s .  A n a l y t i c a l  
e v a l u a t i o n  o f  t h e  r a d i a t i o n  e f f e e t s  o f  t h e  r e s o n a t o r  
r e q u i r e  s o l u t i o n  o f  M a x w e l l ’ s  e q u a t i o n s .  A  f u l l  
d e r i v a t i o n  o f  t h e  e q u a t i o n s  i s  a v a i l a b l e  i n  t h e  
r e f e r e n c e s  a n d  w i l l  n o t  b e  r e p e a t e d  h e r e  [ 3 ] ,  [ 5 ] - [ 7 ] .
I f  t h e  r i n g  i s  n o t  n a r r o w  ( w / r > 0 . 2 )  t h e n  t h e  
r e s o n a n t  f r e q u e n c y  p r e d i c t e d  b y  t h e  m i c r o s t r i p  
e q u a t i o n s  i s  l e s s  a c c u r a t e  a n d  a  m o r e  c o m p l i c a t e d  
e l e c t r o m a g n e t i c  m o d e l  s h o u l d  b e  u s e d .  [ 5 ]
microstrip feed
p= i
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F i g .  1 .  D i m e n s i o n s  o f  r i n g  r e s o n a t o r
F i g .  1  s h o w s  a  d i a g r a m  o f  t h e  r e s o n a t o r ,  a n d  
t h e  c r i t i c a l  d i m e n s i o n s .  T h e  m e a n  r a d i u s  i s  r ,  a n d  
e q u a l  t o  Vi{a+b). A l t h o u g h  t h e  d i a g r a m  s h o w s  t h e  
e l e c t r i c  f i e l d  l i n e s  o n l y  b e n e a t h  t h e  m i c r o s t r i p  
c o n d u c t o r s ,  t h i s  i s  a  s i m p l i f i c a t i o n .  T o  a c c o u n t  f o r  
t h e  f a c t  t h a t  s o m e  o f  t h e  f i e l d s  a r o u n d  t h e  r i n g  e x i s t  
a w a y  f r o m  t h e  c o n d u c t o r s  t h e  p l a n a r  w a v e g u i d e  
m o d e l  i s  u s e d  f o r  t h e  m i c r o s t r i p  l i n e . [ 8 ]
( c  i s  t h e  s p e e d  o f  l i g h t )  S i n c e  t h e  e f f e c t i v e  d i e l e c t r i c  
c o n s t a n t  i s  s l i g h t l y  f r e q u e n c y  d e p e n d e n t ,  i t  i s  
n e c e s s a r y  t o  i t e r a t e  a  f e w  t i m e s  t o  g e t  a n  a c c u r a t e  
p r e d i c t i o n  o f  t h e  r e s o n a n t  f r e q u e n c y .
E x a m p l e :  C o n s i d e r  a  r e s o n a n t  r i n g  o n  R T  
D u r o i d  5 8 7 0  w i t h  t h e  p a r a m e t e r s  s h o w n  i n  T a b l e  1 .  
T h e  f i r s t  r e s o n a n t  f r e q u e n c y  ( n = l )  w i l l  b e  c a l c u l a t e d .
T a b l e  1  E x a m p l e  r e s o n a n t  r i n g
i n s i d e  r a d i u s 1 7 m m
b o u t s i d e  r a d i u s 1 8 m m
h H e i g h t 1 . 5 7 5 m m
Er d i e l e c t r i c  c o n s t a n t 2 . 3 3
m e a n  r a d i u s 1 7 . 5 m m
W i d t h 1 m m
t C o n d u c t o r  t h i c k n e s s 1 7 p m
I n i t i a l l y  w e  g u e s s  t h a t  t h e  r e s o n a n t  f r e q u e n c y  i s  
I G H z .  T h e  f o l l o w i n g  t a b l e  s h o w s  t h e  r e s u l t s  o f  
i t e r a t i n g  t h e  e q u a t i o n  u s i n g  A D S  L i n e C a l c  t o  w o r k  
o u t
T a b l e  2  R e s o n a n t  f r e q u e n c y  o f  e x a m p l e  r i n g
I t e r a t i o n R e s o n a n t
F r e q u e n c y
N e w  r e s o n a n t  
f r e q u e n c y
1 I G H z 1 . 8 1 4 2 . 0 2 5 7 G H z
2 2 . 0 2 5 7 G H z 1 . 8 1 7 2 . 0 2 4 1 G H z
3 2 . 0 2 4 1 G H z 1 . 8 1 7 2 . 0 2 4 1 G H z
F i g .  2 .  P l a n a r  w a v e g u i d e  m o d e l  o f  m i c r o s t r i p
T h i s  m o d e l  m a p s  a  m i c r o s t r i p  l i n e  o f  w i d t h  
w  a n d  i m p e d a n c e  Z p  i n t o  a n  e q u i v a l e n t  p a r a l l e l  p l a t e  
w a v e g u i d e  w i t h  n e w  w i d t h  a n d  e f f e c t i v e
d i e l e c t r i c  c o n s t a n t  s f^f. T h e  i m p e d a n c e  r e m a i n s  
u n c h a n g e d .  B e c a u s e  o f  d i s p e r s i o n  a n d  o t h e r  n o n  i d e a l  
e f f e c t s ,  t h e  e f f e c t i v e  w i d t h  a n d  d i e l e c t r i c  c o n s t a n t  a r e  
f r e q u e n c y  d e p e n d e n t .  E q u a t i o n s  t o  c a l c u l a t e  Zo(f)  a n d  
E^pif) c a n  b e  f o u n d  i n  [ 9 | .  F o r  b e s t  a c c u r a c y ,  t h e  
t h i c k n e s s  o f  t h e  c o n d u c t o r  s t r i p  m u s t  a l s o  b e  a l l o w e d  
f o r ;  a  m e t h o d  f o r  d o i n g  t h i s  i s  i n  [ 9 ] .  T h e  e f f e c t s  o f  
d i s p e r s i o n  c a n  b e  i n c l u d e d  b y  u s i n g  e q u a t i o n s  f r o m  
[ 1 0 ] - [ 1 1 ] .  I t  i s  u s e f u l  t o  n o t e  t h a t  s o f t w a r e  p a c k a g e s  
s u c h  a s  L i n e C a l c ,  a  p a r t  o f  A g i l e n t ’ s  A D S  p a c k a g e ,  
c a n  c a l c u l a t e  Zgif)  a n d  b y  s i m p l y  t y p i n g  i n  t h e  
m i c r o s t r i p  d i m e n s i o n s .
T h e  n " ^  r e s o n a n t  f r e q u e n c y  i s  c a l c u l a t e d  f r o m :
f n  =
T h e  e q u a t i o n  v e r y  r a p i d l y  c o n v e r g e s  b e c a u s e  
£eÿ(f) i s  o n l y  w e a k l y  f r e q u e n c y  d e p e n d e n t .  I f  t h e  
c o n d u c t o r  t h i c k n e s s  i s  n e g l e c t e d  i n  t h i s  e x a m p l e ,  t h e  
r e s o n a n t  f r e q u e n c y  w o r k s  o u t  t o  b e  2 . 0 1 9 G F l z ,  o r  
o n l y  0 . 2 5 %  l o w e r .  T h e  c o n d u c t o r  t h i c k n e s s  p l a y s  a  
m o r e  s i g n i f i c a n t  r o l e  o n  d e t e r m i n i n g  t h e  r e s o n a n t  
f r e q u e n c y  f o r  b i g g e r  v a l u e s  o f  t/h  [ 9 ] .
F i g .  3  a n d  F i g .  4  s h o w  t h e  s e n s i t i v i t y  o f  t h e  
r e s o n a n t  f r e q u e n c y  w i t h  v a r y i n g  r i n g  d i m e n s i o n s .  F o r  
a  n o m i n a l  1 7 . 5 m m  r a d i u s  r i n g  w i t h  1 m m  w i d t h ,  
i n c r e a s i n g  t h e  r a d i u s  b y  1 0 %  c h a n g e s  t h e  r e s o n a n t  
f r e q u e n c y  b y  - 9 . 1 %  b u t  i n c r e a s i n g  t h e  w i d t h  b y  1 0 %  
c h a n g e s  t h e  r e s o n a n t  f r e q u e n c y  b y  o n l y  - 0 . 1 8 % .  T h i s  
i s  a  p a r t i c u l a r l y  u s e f u l  p r a c t i c a l  p o i n t  a s  p r o d u c t i o n  
t o l e r a n c e s  a r e  m o r e  l i k e l y  t o  c h a n g e  t h e  w i d t h  o f  t h e  
r i n g  r a t h e r  t h a n  i t s  r a d i u s ,  a n d  t h e  r e s o n a n t  f r e q u e n c y  
i s  n o t  p a r t i c u l a r l y  s e n s i t i v e  t o  t h i s  v a r i a t i o n .  S i m i l a r  
a n a l y s e s  s h o w  t h a t  i n c r e a s i n g  t h e  d i e l e c t r i c  c o n s t a n t  
b y  1 0 %  d e c r e a s e s  t h e  r e s o n a n t  f r e q u e n c y  b y  3 . 7 %  
a n d  i n c r e a s i n g  t h e  s u b s t r a t e  h e i g h t  b y  1 0 %  i n c r e a s e s  
t h e  r e s o n a n t  f r e q u e n c y  b y  o n l y  0 . 1 8 % .  T h e  r i n g  
r e s o n a t o r  i s  t h e r e f o r e  a  g o o d  m e c h a n i s m  t o  d e t e r m i n e  
a n  u n k n o w n  d i e l e c t r i c  c o n s t a n t  a n d  i s  i n s e n s i t i v e  t o  
s u b s t r a t e  h e i g h t  a n d  r i n g  w i d t h s .
( 1 )
g 2010
F i g .  3  V a r i a t i o n  o f  r e s o n a n t  f r e q u e n c y  w i t h  r i n g  
w i d t h  ( 1 7 . 5 m m  r a d i u s )
F i g .  4  V a r i a t i o n  o f  r e s o n a n t  f r e q u e n c y  w i t h  r i n g  
r a d i u s  ( 1 m m  w i d t h )
III. Losses in the ring
T h e  d e r i v a t i o n  o f  t h e  r a d i a t i o n  e f f e c t s  o f  t h e  
m i c r o s t r i p  r i n g  r e s o n a t o r  i s  c o m p l i c a t e d ,  b u t  c a n  b e  
f o u n d  i n  t h e  r e f e r e n c e s  [ 3 ] ,  [ 5 ] - [ 7 ] .  T h e  n e a r  v e r t i c a l  
e l e c t r i c  f i e l d s  a t  t h e  i n n e r  a n d  o u t e r  e d g e s  o f  t h e  r i n g  
p r o d u c e  r a d i a t i o n  a n d  i t  i s  p o s s i b l e  t o  c a l c u l a t e  t h e  
r a d i a t i o n  e l e c t r i c  f a r  f i e l d s  p r o d u c e d  f r o m  t h e s e  
e l e c t r i c  f i e l d s .  A  s u m m a r y  o f  t h e  m e t h o d  i s  g i v e n  i n  
t h e  a p p e n d i x .
=  R „  = - (2)
W h e r e  Vo i s  t h e  v o l t a g e  a t  t h e  o u t s i d e  e d g e  o f  t h e  r i n g  
a n d  Pr i s  t h e  r a d i a t e d  p o w e r .
I t  i s  a l s o  p o s s i b l e  t o  c a l c u l a t e  t h e  l o s s  i n  t h e  
r i n g  d u e  t o  c o n d u c t o r  l o s s  a n d  d i e l e c t r i c  l o s s .  T h i s  
l o s s  c a n  a l s o  b e  c a l c u l a t e d  b y  A D S  L i n e C a l c ,  o r  b y  
u s i n g  s t a n d a r d  m i c r o s t r i p  e q u a t i o n s  [ 9 ] .  T h e  
c o n d u c t o r  a n d  d i e l e c t r i c  l o s s  a r e  n o r m a l l y  g i v e n  i n  
d B / m  b u t  i t  i s  n e c e s s a r y  t o  u s e  N p / m .  T h e  l o s s  
r e s i s t a n c e  d u e  t o  d i e l e c t r i c  a n d  c o n d u c t o r  l o s s  o n  t h e  
m i c r o s t r i p  i s
W h e r e  a  i s  i n  N p / m .  d B / m  c a n  b e  c o n v e r t e d  t o  N p / m  
b y  d i v i d i n g  b y  8 . 6 9 .
T h e  a n t e n n a  r a d i a t i o n  e f f i c i e n c y  i s  e q u a l  t o
Efficiency = R„
(4)
IV. Equivalent Circuit
H s e i h  a n d  C h a n g  [ 1 2 ]  f o r m u l a t e d  a n  
e q u i v a l e n t  c i r c u i t  f o r  t h e  r i n g  r e s o n a t o r  a t  i t s  f i r s t  
r e s o n a n t  f r e q u e n c y .  T h e i r  w o r k  s u g g e s t e d  t h a t  t h e  
r i n g  c a n  b e  m o d e l l e d  b y  a  p a r a l l e l  L C R  c i r c u i t  c l o s e  
t o  r e s o n a n c e .  B y  a  s m a l l  m o d i f i c a t i o n  t o  t h e i r  w o r k ,  
i t  i s  p o s s i b l e  t o  e x t e n d  t h i s  t h e o r y  t o  h i g h e r  m o d e s ,  
a n d  e x p r e s s i o n s  f o r  L  a n d  C  a r e  g i v e n  b e l o w  [ 5 ] .
C = -
R  =
1
4;rV.'c
Ima
(5)
T h e  l o s s  r e s i s t a n c e  h a s  a l r e a d y  b e e n  
c a l c u l a t e d  a n d  i s  e q u a l  t o  t h e  p a r a l l e l  c o m b i n a t i o n  o f
Rradiation Und Rmtcrostrtp'
T h e  r i n g  Q  f a c t o r  c a n  b e  c a l c u l a t e d  f r o m
Q -4 (6)
I t  s h o u l d  b e  n o t e d  t h a t  b e c a u s e  t h e  r e s o n a n t  
f r e q u e n c i e s  o f  t h e  r i n g  a r e  a l m o s t  h a r m o n i c a l l y  
r e l a t e d ,  t h e  e q u i v a l e n t  c a p a c i t a n c e  o f  t h e  r i n g  d o e s  
n o t  v a r y  m u c h  w i t h  f r e q u e n c y ,  w h e r e a s  t h e  
i n d u c t a n c e  r a p i d l y  g e t s  s m a l l e r  w i t h  f r e q u e n c y .  T h e  
Q  f a c t o r  o f  t h e  r i n g  r e s o n a t o r  i s  g e n e r a l l y  h i g h e r  a t  
h i g h e r  o r d e r  m o d e s ,  b u t  e v e n t u a l l y  i n c r e a s i n g  l o s s e s  
o n  t h e  r i n g  s t a r t  t o  r e d u c e  i t .
T h e  r i n g  r e s o n a t o r  i n  i s o l a t i o n  i s  n o t  u s e f u l ,  
s o  i t  i s  n o r m a l l y  c o u p l e d  t o  a  m e a s u r i n g  i n s t r u m e n t  
v i a  a  m i c r o s t r i p  f e e d l i n e .  T h e  f e e d l i n e  i s  n o t  
c o r m e c t e d  t o  t h e  r i n g ,  b u t  i n s t e a d  c o u p l e s  
c a p a c i t i v e l y  v i a  a  s m a l l  g a p  a s  s h o w n  i n  f i g .  1 .  
A t t e m p t s  h a v e  b e e n  m a d e  t o  c h a r a c t e r i s e  t h i s  g a p  
[ 1 2 ] - [ 1 5 ] ,  b u t  n u m e r i c a l  e x p r e s s i o n s  f o r  t h e  g a p  
c a p a c i t a n c e  o n l y  e x i s t  i n  t h e  l i t e r a t u r e  f o r  m i c r o s t r i p  
e n d  c o u p l e d  l i n e s .  I t  s e e m s  r e a s o n a b l e  t h o u g h ,  t h a t  
t h e s e  e x p r e s s i o n s  w i l l  p r o d u c e  a  g o o d  e s t i m a t e  o f  t h e  
g a p  c a p a c i t a n c e .  A  s i m p l e  a r g u m e n t  w i l l  b e  p r e s e n t e d  
t h a t  s h o w s  h o w  v a r y i n g  t h i s  g a p  a f f e c t s  t h e  r i n g ,  t o  
t h e  f i r s t  o r d e r .
R (3)
Cp
F i g .  5 .  I n f i n i t e l y  l a r g e  c o u p l i n g  g a p
Cp-Cg/2 C-Cg/2 
F i g .  6 .  S m a l l e r  c o u p l i n g  g a p
C o n s i d e r  t h e  c a s e  t h a t  t h e  c o u p l i n g  g a p  i s  
l a r g e .  N o  s e r i e s  c a p a c i t a n c e  e x i s t s  b e t w e e n  t h e  r i n g  
a n d  t h e  m i c r o s t r i p .  E l e c t r i c  f i e l d s  e x i s t  b e n e a t h  t h e  
r i n g  ( c a u s i n g  t h e  e q u i v a l e n t  r i n g  c a p a c i t a n c e )  a n d  
f r i n g i n g  f r o m  t h e  e n d  o f  t h e  m i c r o s t r i p  f e e d  ( c a u s i n g  
a  s h u n t  c a p a c i t a n c e ) .  A s  t h e  g a p  i s  r e d u c e d  i n  s i z e ,  
t h e  e l e c t r i c  f i e l d s  r e d i s t r i b u t e  t h e m s e l v e s  a n d  a  s m a l l  
f i e l d  i s  s e t  u p  a c r o s s  t h e  g a p ,  r e s u l t i n g  i n  a  s e r i e s  
c a p a c i t a n c e .  S i n c e  n o  m o r e  e l e c t r i c  f i e l d s  h a v e  b e e n  
c r e a t e d ,  i t  i s  r e a s o n a b l e  t o  a s s u m e  t h a t  t h i s  g a p  
c a p a c i t a n c e  m u s t  c o m e  a t  t h e  e x p e n s e  o f  r e d u c e d  
s h u n t  c a p a c i t a n c e  o n  t h e  f e e d l i n e  a n d  b e n e a t h  t h e  
r i n g .  T h i s  c a u s e s  t h e  r e s o n a n t  f r e q u e n c y  o f  t h e  r i n g  t o  
i n c r e a s e  s l i g h t l y .  T h i s  a r g u m e n t  i s  o f  c o u r s e  a  
s i m p l i f i c a t i o n  a n d  i g n o r e s  t h e  a s y m m e t r y  b e t w e e n  
t h e  w i d t h  o f  t h e  f e e d l i n e  a n d  t h e  e d g e  o f  t h e  r i n g  
r e s o n a t o r .  A d d i t i o n a l l y ,  a t  h i g h e r  o r d e r  m o d e s ,  t h e  
f i e l d  d i s t r i b u t i o n  v a r i e s  s i g n i f i c a n t l y  a r o u n d  t h e  r i n g ,  
s o  t h e  a c t u a l  f i e l d  d i s t r i b u t i o n  a c r o s s  t h e  g a p  w i l l  b e  
m u c h  m o r e  c o m p l i c a t e d .
I n  p r a c t i c e ,  t h e  s h u n t  c a p a c i t a n c e  c h a n g e  
c a u s e d  b y  t h e  g a p  i s  s m a l l  i n  c o m p a r i s o n  w i t h  t h e  
c a p a c i t a n c e  o f  t h e  r i n g ,  h o w e v e r  t h e  v a l u e  o f  t h e  
s e r i e s  c a p a c i t a n c e  ( C g )  w i l l  s i g n i f i c a n t l y  a f f e c t  t h e  
c o u p l i n g  o f  t h e  r i n g  t o  t h e  f e e d  l i n e  a n d  h e n c e  t h e  
m a t c h  s e e n  o n  t h e  m e a s u r i n g  i n s t r u m e n t .
T h e  f u l l  e q u i v a l e n t  c i r c u i t  u s e d  f o r  t h i s  
s t u d y  i s  s h o w n  i n  f i g .  5
r T x  
T r T
Feed line Gap Ring
F i g .  7 .  E q u i v a l e n t  c i r c u i t .
B y  a d j u s t i n g  t h e  l e n g t h  o f  t h e  f e e d l i n e  
s l i g h t l y  i t  i s  p o s s i b l e  t o  a b s o r b  t h e  c a p a c i t a n c e  C p  a n d  
t h e r e f o r e  s i m p l i f y  t h e  c i r c u i t  s l i g h t l y .  R p  m o d e l s  l o s s  
i n  t h e  f e e d l i n e  a n d  r a d i a t i o n  f r o m  t h e  g a p .  T h e  t h r e e
r i n g  l o s s  r e s i s t a n c e s ,  R r ,  R c ,  R d  a r e  c o m b i n e d  i n t o  
o n e  p a r a l l e l  r e s i s t a n c e ,  R p .  T h i s  c i r c u i t  c a n  b e  e a s i l y  
s i m u l a t e d  o n  t h e  c o m p u t e r ,  a n d  t h e  c i r c u i t  o p t i m i s e r  
u s e d  t o  f i t  t h e  c o m p o n e n t  v a l u e s  t o  m e a s u r e d  d a t a .  
B e c a u s e  L  a n d  C  d e t e r m i n e  t h e  r e s o n a n t  f r e q u e n c y ,  i t  
i s  o n l y  n e c e s s a r y  t o  o p t i m i s e  o n e  o f  t h e m .
V. Results
R i n g s  w e r e  c o n s t r u c t e d  o n  R T  D u r o i d  5 8 7 0  w i t h  t h e  
d i m e n s i o n s  s h o w n  i n  T a b l e  3 ,  w i t h  m a t e r i a l  
p r o p e r t i e s :  £ ^ = 2 . 3 3 ,  c o p p e r  t h i c k n e s s  t = 1 7 p m ,  
s u b s t r a t e  h e i g h t  h =  1 . 5 7 5 m m .
T a b l e  3  R i n g  r e s o n a t o r  d i m e n s i o n s
Ring Gap size Outside radius Inside radius
lA SOOpm 17.99mm 16.97mm
3A 230pm 7.68mm 6.09mm
4A 210pm 17.98mm 16.99mm
IB 530pm 17.95mm 16.99mm
3B 260pm 7.67mm 6.10mm
4B 270pm 17.95mm 17.02mm
T h e  e t c h i n g  p r o c e s s  u n d e r c u t  t h e  r i n g s  t o  d i f f e r i n g  
d e g r e e s ,  s o  m e a s u r e m e n t s  w e r e  m a d e  o f  e a c h  r i n g  
w i t h  a  t r a v e l l i n g  m i c r o s c o p e .  D e t a i l e d  r e s o n a n c e  
m e a s u r e m e n t s  w e r e  m a d e  o n  r i n g s  I B  a n d  4 B .
F i g  8 .  D u r o i d  r i n g  r e s o n a t o r s .  T h e y  a r e  n u m b e r e d  1 - 4  
f r o m  r i g h t  t o  l e f t .
F i g .  9 .  P e r c e n t a g e  f r e q u e n c y  e r r o r  i n  t h e o r e t i c a l  
c a l c u l a t i o n s  c o m p a r e d  w i t h  m e a s u r e m e n t s  f o r  e a c h  
r e s o n a n t  m o d e .
F i g .  9 .  S h o w s  a  p l o t  o f  t h e  p e r c e n t a g e  e r r o r  
b e t w e e n  t h e  p r e d i c t e d  a n d  t h e o r e t i c a l  r e s o n a n c e  
f r e q u e n c i e s  a t  e a c h  m o d e ,  a s s u m i n g  t h a t  t h e  d i e l e c t r i c  
c o n s t a n t  o f  t h e  D u r o i d  r e m a i n s  c o n s t a n t  w i t h  
f r e q u e n c y .
I t  i s  a l s o  p o s s i b l e  t o  w o r k  t h e  e q u a t i o n s  i n  
t h e  o p p o s i t e  d i r e c t i o n ,  s o  b y  a s s u m i n g  t h a t  t h e  
e q u a t i o n s  a r e  p e r f e c t l y  a c c u r a t e ,  w o r k  o u t  h o w  t h e  
d i e l e c t r i c  c o n s t a n t  v a r i e s  w i t h  f r e q u e n c y .  ( F i g .  1 0 )
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F i g .  1 0  V a r i a t i o n  o f  d i e l e c t r i c  c o n s t a n t  w i t h  
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F i g .  1 2  M e a s u r e d  a n d  c a l c u l a t e d  t o t a l  l o s s  r e s i s t a n c e  
o f  r i n g  B 4 .
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F i g .  1 2  T h e o r e t i c a l  c o n t r i b u t i o n s  t o  l o s s  r e s i s t a n c e .
F i g .  1 2  s h o w s  a  b r e a k d o w n  o f  t h e  i n d i v i d u a l  
c o n t r i b u t i o n s  t o  t h e  l o s s  r e s i s t a n c e .  T h e  c o n d u c t i v i t y  
o f  t h e  c o p p e r  i s  a s s u m e d  t o  b e  5 . 6 * 1 0 ’  S / m ,  t h e  
c o n d u c t o r  s u r f a c e  r o u g h n e s s  1 . 5 p m  r m s  a n d  t h e  
d i e l e c t r i c  l o s s  t a n g e n t  e q u a l  t o  1 0 ' ^
VI. Radiation Efficiency
A n  e x p r e s s i o n  f o r  t h e  d i r e c t i v i t y  o f  a  r i n g  a n t e n n a  
c a n  b e  f o u n d  i n  [ 6 ] ,  w h i c h  h a s  b e e n  d e r i v e d  f r o m  t h e  
e l e c t r i c  r a d i a t i o n  f i e l d s .
D  =
2 4 0 R (7)
W h e r e  a n d  V , -  a r e  t h e  v o l t a g e s  a t  t h e  
o u t s i d e  a n d  i n s i d e  o f  t h e  r i n g .  T h e  d i r e c t i v i t y  i s  
w e a k l y  d e p e n d e n t  o n  t h e  w i d t h  o f  t h e  r i n g ,  t h e  
d i e l e c t r i c  h e i g h t  a n d  t h e  d i e l e c t r i c  c o n s t a n t .  F o r  t h e  
r i n g s  d e s c r i b e d  i n  T a b l e  3 ,  r i n g s  1  a n d  4  h a v e  a  
d i r e c t i v i t y  o f  7 . 7 d B  a n d  r i n g  3  h a s  a  d i r e c t i v i t y  o f  
7 . 6 d B .
A n t e n n a  p l a t e  A  a n d  B  ( w h i c h  a r e  i d e n t i c a l  
w i t h i n  p r o d u c t i o n  t o l e r a n c e s )  w e r e  m o u n t e d  o n  
t r i p o d s  i n  a n  a n e c h o i c  c h a m b e r  f a c i n g  e a c h  o t h e r ,  
s e p a r a t e d  b y  a  d i s t a n c e  o f  2 . 1 m .  O n e  w a s  c o n n e c t e d  
t o  a  n t i c r o w a v e  s i g n a l  g e n e r a t o r ,  t h e  o t h e r  t o  a  p o w e r  
m e t e r  a n d  t h e  t r a n s m i s s i o n  l o s s  m e a s u r e d .  B y  
a c c o u n t i n g  f o r  t h e  f r e e  s p a c e  p a t h  l o s s ,  c a b l e  l o s s ,  
m i s m a t c h  l o s s  a n d  d i r e c t i v i t y ,  i t  i s  p o s s i b l e  t o  
c a l c u l a t e  t h e  a n t e n n a  g a i n s .  T h e  d i f f e r e n c e  b e t w e e n  
t h e  a n t e i m a  g a i n  a n d  t h e  d i r e c t i v i t y  i s  t h e  r a d i a t i o n  
e f f i c i e n c y .
F r e e  s p a c e  p a t h  l o s s  i s  g i v e n  b y
F 5 F L  =  2 0 1 o g |
( A7d' 
{ A (8)
W h e r e  d  i s  t h e  s e p a r a t i o n  d i s t a n c e  ( 2 . 1 m ) .
U n f o r t u n a t e l y ,  d u e  t o  m a n u f a c t u r i n g  
t o l e r a n c e  a n d  v e r y  s h a r p  f r e q u e n c y  r e s p o n s e ,  t h e  t w o  
p a i r s  o f  a n t e n n a s  d o  n o t  r e s o n a t e  a t  p r e c i s e l y  t h e  
s a m e  f r e q u e n c y .  T h i s  r e q u i r e s  m a k i n g  t h e  a s s u m p t i o n
t h a t  t h e  r a d i a t i o n  e f f i c i e n c y  a n d  r a d i a t i o n  p r o p e r t i e s  
d o  n o t  v a r y  m u c h  a b o u t  t h e  r e s o n a n t  f r e q u e n c y ,  o n l y  
t h e  m i s m a t c h  f a c t o r .  T h e  m i s m a t c h  f a c t o r  i s  
c a l c u l a t e d  a c c o r d i n g  t o
M = 1 0 1 o g , „ ( l - | 5 „ | ) (9)
S i i  h a s  b e e n  m e a s u r e d  f o r  a l l  o f  t h e  r i n g  s t r u c t u r e s  
a r o u n d  t h e  f i r s t  r e s o n a n c e .  T h e  f r e q u e n c y  o f  t h e  
s i g n a l  g e n e r a t o r  w a s  a d j u s t e d  t o  g i v e  t h e  m a x i m u m  
s i g n a l  o n  t h e  p o w e r  m e t e r ;  t h i s  o c c u r s  w h e n  t h e  s u m  
o f  t h e  t w o  m i s m a t c h  f a c t o r s  i s  l o w e s t .
T h e  m e a s u r e m e n t s  r e s u l t s  a r e  s h o w n  i n  
F u r t h e r m o r e ,  i t  i s  a s s u m e d  t h a t  e a c h  p a t c h  o f  t h e  p a i r  
h a s  t h e  s a m e  e f f i c i e n c y ,  t h e r e f o r e  t h e  r a d i a t i o n  
e f f i c i e n c y  o f  a n t e n n a  1  i s  - 6 . 4 9 / 2  d B  =  4 7 % .
T h e  r e s u l t s  s h o w  t h a t  a n t e n n a  1  a n d  4  h a v e  
a p p r o x i m a t e l y  t h e  s a m e  r a d i a t i o n  e f f i c i e n c y .  T h i s  i s  
t o  b e  e x p e c t e d  a s  t h e  r i n g s  1  a n d  4  a r e  t h e  s a m e ,  o n l y  
t h e  c o u p l i n g  g a p  s i z e  i s  d i f f e r e n t .  A  m o s t  i m p o r t a n t  
o b s e r v a t i o n  i s  t h a t  t h e  r a d i a t i o n  e f f i c i e n c y  i s  f a i r l y  
r e a s o n a b l e .  I t  i s  i m p o r t a n t  t o  s t r e s s  f o r  a l l  t h r e e  o f  
t h e s e  a n t e n n a s  t h a t  t h e  r a d i a t i o n  l o s s  r e s i s t a n c e  i s  
h i g h e r  t h a n  e i t h e r  t h e  c o n d u c t o r  o r  d i e l e c t r i c  l o s s  f o r  
s o m e  m o d e s .  T h e r e f o r e  t h e  c o m m o n l y  m a d e  
assumption that radiation losses are negligible in 
the ring resonator is false i n  t h i s  c a s e .
T h e  r a d i a t i o n  e f f i c i e n c y  w a s  d e f i n e d  e a r l i e r  
a s  t h e  ( s p a c e  w a v e )  r a d i a t i o n  p o w e r  d i v i d e d  b y  t h e  
t o t a l  p o w e r  d i s s i p a t e d .  I t  i s  t h e r e f o r e  p o s s i b l e  t o  
c a l c u l a t e  t h e  r a d i a t i o n  e f f i c i e n c y  f r o m  t h e  e q u a t i o n s  
g i v e n  i n  t h i s  r e p o r t .  A s s u m i n g  n o m i n a l  r i n g  s i z e s  f o r  
c o n v e n i e n c e ,  t h i s  i s  s h o w n  i n  T a b l e  5 .
T a b l e  5  C a l c u l a t e d  r a d i a t i o n  e f f i c i e n c y
Outside Rt Rr Efficiency
Ring 1,4 18mm 6.8kn 25kn 2 7 $
Ring 3 7.7 mm 2kO 2.5k£2 8 0 $
I t  c a n  b e  s e e n  t h a t  t h e  m e a s u r e d  r a d i a t i o n  
A n t e n n a  A
e f f i c i e n c y  f o r  t h e  r i n g s  ( T a b l e  6 )  i s  n o t  i n  c l o s e  
a g r e e m e n t  w i t h  t h e  t h e o r e t i c a l  v a l u e s .  O n e  
e x p l a n a t i o n  f o r  t h i s  m i g h t  b e  t h a t  ( 1 5 )  o n l y  p r o v i d e s  
a n  e s t i m a t e  o f  t h e  d i r e c t i v i t y  o f  t h e  r i n g ,  w h e r e a s  t h e  
a c t u a l  a n t e n n a  h a s  a  l a r g e  m e t a l l i c  f e e d l i n e  i n  c l o s e  
p r o x i m i t y  w i t h  t h e  r i n g .  I t  i s  r e a s o n a b l e  t o  a s s u m e  
t h a t  t h i s  w i l l  s o m e h o w  a f f e c t  t h e  r a d i a t i o n  p a t t e r n  
( a n d  d i r e c t i v i t y ) ,  b u t  i t s  e f f e c t s  h a v e  n o t  b e e n  
i n c l u d e d .  T h e  f e e d l i n e  i s  e l e c t r i c a l l y  m u c h  l a r g e r  a t  
5 G H z  w h e r e  r i n g  3  w a s  m e a s u r e d ,  s o  t h i s  m a y  g o  
s o m e  w a y  t o w a r d s  e x p l a i n i n g  t h e  d i s c r e p a n c y .  T h e  
s i z e  o f  t h e  f e e d l i n e  i n  c o m p a r i s o n  w i t h  t h e  r i n g  c a n  
c l e a r l y  b e  s e e n  i n  F i g .  8 .
A n  i m p o r t a n t  c o n c l u s i o n  t h a t  c a n  b e  d r a w n  
f r o m  t h e  r a d i a t i o n  e f f i c i e n c y  m e a s u r e m e n t s  i s  t h a t  t h e  
r e a s o n a b l e  a g r e e m e n t  b e t w e e n  m e a s u r e d  r a d i a t i o n  
e f f i c i e n c i e s  a n d  p r e d i c t e d  e f f i c i e n c i e s  s h o w s  t h a t  t h e  
r a t i o  R t / R r  i s  a p p r o x i m a t e l y  c o r r e c t ,  w h i c h  p r o v i d e s  
f u r t h e r  e v i d e n c e  f o r  t h e  u s e f u l n e s s  o f  t h e  c i r c u i t  
m o d e l  a n d  t h e  v a l i d i t y  o f  t h e  e q u a t i o n s .
VII. Conclusions
I t  h a s  b e e n  s h o w n  t h a t  t h e  r e s o n a n t  
f r e q u e n c y  o f  t h e  m i c r o s t r i p  r i n g  r e s o n a t o r  c a n  b e  
a c c u r a t e l y  p r e d i c t e d  b y  a p p l i c a t i o n  o f  s t a n d a r d  
m i c r o s t r i p  d e s i g n  e q u a t i o n s .  I n  o r d e r  t o  a c h i e v e  
m a x i m u m  a c c u r a c y ,  i t  i s  n e c e s s a r y  t o  i n c l u d e  t h e  
e f f e c t s  o f  t h e  c o n d u c t o r  t h i c k n e s s ,  a n d  d i s p e r s i o n  o n  
t h e  e f f e c t i v e  d i e l e c t r i c  c o n s t a n t .  T h e  r e s o n a n t  
f r e q u e n c y  o f  a  r i n g  h a s  b e e n  m e a s u r e d  o v e r  m a n y  
r e s o n a n t  m o d e s  a n d  w i t h  t w o  d i f f e r e n t  g a p  s i z e s .  T h e  
m e a s u r e m e n t s  a g r e e  w i t h  t h e  t h e o r e t i c a l  p r e d i c t i o n s  
t o  w i t h i n  ± 1 % ,  a s s u m i n g  t h a t  t h e  d i e l e c t r i c  c o n s t a n t  
o f  R T  D u r o i d  5 8 7 0  i s  2 . 3 3  a n d  d o e s  n o t  c h a n g e  w i t h  
f r e q u e n c y .
A n  e x p r e s s i o n  f o r  c a l c u l a t i n g  t h e  l o s s  i n  t h e  
r i n g  r e s o n a t o r  h a s  b e e n  p r e s e n t e d ,  a n d  w h i l s t  
u n w i e l d y ,  i t  c o n f i r m s  t h a t  r a d i a t i o n  l o s s  i s  
p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  t h e  s u b s t r a t e  h e i g h t ,  a n d  
i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  s u b s t r a t e  d i e l e c t r i c
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F ig . 11 D iagram  sh o w in g  lo s se s  in  an tenna m easurem ent
Antenna Cable Mismatch
(A)
Directivity
(A)
FSPL Directivity
(B)
Mismatch
(B)
Total Loss Measured Additional Efficiency 
(Per patch)
1 -0.30 -0.61 7.70 -44.82 7.70 -4.18 -34.51 -41.00 6.49 4 7 $
3 -1.40 -1.09 7.60 -52.90 7.60 -0.30 -40.49 -44.80 4.31 6 1 $
4 -0.30 -0.48 7.70 -44.80 7.70 -2.02 -32.20 -39.70 7.50 4 2 $
T a b l e  6  m e a s u r e d  l o s s e s  i n  a n t e n n a  m e a s u r e m e n t
c o n s t a n t .  T h i s  i s  i n l i n e  w i t h  m i c r o s t r i p  a n t e n n a  
b e h a v i o u r .  A s  w e l l  a s  a  t h e o r e t i c a l  e x p r e s s i o n  f o r  t h e  
r a d i a t i o n  l o s s  ( a n d  h e n c e  t h e  r a d i a t i o n  e f f i c i e n c y ) ,  
e x p e r i m e n t s  h a v e  b e e n  c a r r i e d  o u t  i n  a n  a n e c h o i c  
c h a m b e r  t o  m e a s u r e  t h e  r a d i a t i o n  e f f i c i e n c y .  T h e  
a g r e e m e n t  b e t w e e n  t h e  t h e o r e t i c a l  r a d i a t i o n  
e f f i c i e n c y  a n d  m e a s u r e d  e f f i c i e n c y  i s  r e a s o n a b l e .  T h e  
r a d i a t i o n  e f f i c i e n c y  i s  d i f f i c u l t  t o  m e a s u r e  a c c u r a t e l y  
a s  i t  r e q u i r e s  a c c u r a t e  m e a s u r e m e n t s  o f  p a t h  l o s s  a n d  
r e q u i r e s  a c c u r a t e  f i g u r e s  f o r  t h e  a n t e n n a  d i r e c t i v i t y .  
T h e  p a i r s  o f  r e s o n a t o r s  u s e d  i n  t h i s  s t u d y  d i d  n o t  
o p e r a t e  a t  p r e c i s e l y  t h e  s a m e  f r e q u e n c y ,  s o  t h e  
a c c u r a c y  i s  l i k e l y  t o  b e  r e d u c e d .
W i d e b a n d  e s t i m a t i o n s  o f  t h e  l o s s  r e s i s t a n c e  
o f  t h e  r i n g  r e s o n a t o r  h a v e  b e e n  c o m p a r e d  w i t h  
m e a s u r e d  d a t a  o n  R T  D u r o i d  r i n g s  a n d  g o o d  
a g r e e m e n t  i s  f o u n d  a t  l o w  f r e q u e n c i e s ,  b u t  t h e  l o s s  i s  
u n d e r e s t i m a t e d  a t  h i g h e r  f r e q u e n c i e s .  T h i s  c o u l d  b e  
d u e  t o  u n c e r t a i n t y  i n  t h e  d i e l e c t r i c  l o s s  t a n g e n t  f i g u r e  
( t h e  c a l c u l a t i o n s  a s s u m e d  a  c o n s t a n t  l o s s  t a n g e n t  o f  
1 0 ' ^ )  a n d  t h e  i n f l u e n c e  o f  t h e  n e a r b y  f e e d  l i n e .
V m ,  A p p e n d i x
A c c o r d i n g  t o  t h e  p l a n a r  w a v e g u i d e  m o d e l
( a l )
T h e  e f f e c t i v e  d i m e n s i o n s  o f  t h e  r i n g  r e s o n a t o r  a r e  
n o w  m o d i f i e d  a c c o r d i n g  t o
a, =a-{w,^ (/)-w}/2
K = ^ +W(/)-w}/2
T h e  r a d i a t e d  p o w e r  c a n  b e  c a l c u l a t e d  f r o m
^2!r0=trl2i \
I \ \E,\^ +\E^ \ys\neded<i>1
0 0
p. =- 2h^ E,
W h e r e
2CV%(/)
k .  = ■
k„ =
sin &)n ^ c o s 'g f  J ,(k^ a ,sin e) J J ÀKb ,  
Vsin^ l ", b.
+ sin '{k„a, sin 8 ) -  '{h b . sin 8)
( a 2 )
( a 3 )
( a 4 )
( a 5 )
( a 6 )
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( a ? )
rjo i s  t h e  i m p e d a n c e  o f  f r e e  s p a c e  ( 3 7 7 0 ) .  T h e  
i n t e g r a l  u s e s  B e s s e l  f u n c t i o n s  o f  t h e  f i r s t  k i n d  ( 7 „ )  
a n d  t h e  d e r i v a t i v e  o f  B e s s e l  f u n c t i o n s  o f  t h e  f i r s t  k i n d  
( / „ ’ ) .  T h e  o n l y  p r a c t i c a l  w a y  o f  e v a l u a t i n g  t h i s  
i n t e g r a l  i s  t o  u s e  a  n u m e r i c a l  c o m p u t e r  p a c k a g e  s u c h  
a s  M A T L A B .  I t  i s  a l s o  p o s s i b l e  t o  d e r i v e  t h e  v o l t a g e  
a t  t h e  i n n e r  a n d  o u t e r  e d g e s  o f  t h e  r i n g  r e s o n a t o r  [ 6 ] .
W, = (&.a. X  ' k a j -  )y. (&.a, )](a8)
Vo = E ,h [ j .  { k A  )Y„ '{ k „ a ,) -J „ ' {k„ a, )y„ { k A  )] (^9)
W h e r e  Y„ i s  t h e  B e s s e l  f u n c t i o n  o f  t h e  s e c o n d  k i n d .  
U s i n g  ( a 4 )  a n d  ( a 9 )  i n  ( 7 )  i t  b e c o m e s  p o s s i b l e  t o  
d e t e r m i n e  t h e  r a d i a t i o n  r e s i s t a n c e  o f  t h e  r e s o n a n t  
r i n g .
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Dielectric Material Characterisation above lOOGHz using the Microstrip Ring 
Resonator
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Abstract
The microstrip ring resonator is commonly used  to determine electronic materials properties a t microwave 
frequencies, and  is able to give accurate information about both the dielectric constant and losses. A t frequencies  
above 60GHz, it has been fo u n d  that some materials still offer acceptable performance.
Information about the characteristics o f  prin ted  circuit materials at millimetre-wave frequencies is scarce, 
due to the difficulty o f  making the circuits with the necessarily high resolution, and  a lack o f  fam iliar measurement 
techniques. This work describes practical measurements made on a  variety o f  microwave substrates using ring  
resonators specifically designed fo r  very high operating frequencies. A s  well as covering the basic theory o f  the 
resonators, this work focuses  on problem s which occur due to the very small wavelength above lOOGHz and  
difficulties in feed ing  the resonators. A new technique o f  direct coupling to the resonator is described which does 
not require a sm all coupling gap and offers some advantages over traditional ring resonators. Test circuits have 
been fabrica ted  on a  flex ib le  polym er p lastic substrate which shows usable perform ance beyond 120GHz. In  
addition, two types o f  thick film  photo-imaged thick film  dielectric have been used to make multilayer microstrip  
circuits.
Very high line resolution is required to fabricate microstrip circuits above lOOGHz, and imperfections in 
the lines can cause resonances to split. The causes o f  this phenom ena are discussed and how they affect the 
measurements. Finally, a discussion on the sources o f  measurement error is presen ted  which can be used  to estimate 
the accuracy o f  the measurements.
K e y  w o r d s :  R i n g  R e s o n a t o r ,  D i e l e c t r i c  P r o p e r t i e s ,  M a t e r i a l  C h a r a c t e r i s a t i o n
I. Introduction
T h e  m i c r o s t r i p  r i n g  r e s o n a t o r  i s  a n  i m p o r t a n t  
a n d  f r e q u e n t l y  u s e d  t e c h n i q u e  f o r  e x a m i n i n g  t h e  
p r o p e r t i e s  o f  m i c r o w a v e  m a t e r i a l s .  A  g o o d  s u m m a r y  
o f  t h e  a n a l y t i c a l  t e c h n i q u e s  c a n  b e  f o u n d  i n  [ 1 ] ,  a n d  a  
r e c e n t  e x a m p l e  o f  t h e  r i n g  r e s o n a t o r  b e i n g  u s e d  t o  
e s t a b l i s h  t h e  d i e l e c t r i c  c o n s t a n t  a n d  l o s s  t a n g e n t  o f  a  
t h i c k  f i l m  c e r a m i c  c a n  b e  f o u n d  i n  [ 2 ] .  B y  f o r m i n g  a  
c i r c u l a r  r i n g  o u t  o f  a  m i c r o s t r i p  l i n e ,  a n d  l o o s e l y  
c o u p l i n g  t h e  r i n g  t o  a  t r a n s m i s s i o n  m e a s u r e m e n t  
i n s t r u m e n t ,  i t  i s  f o u n d  t h a t  t h e  r i n g  e x h i b i t s  s h a r p  
t r a n s m i s s i o n  r e s o n a n c e s .  T h e  r e s o n a n c e s  o c c u r  w h e n  
t h e  l e n g t h  o f  t h e  r i n g  i s  a n  i n t e g e r  n u m b e r  o f  g u i d e d  
w a v e l e n g t h s  l o n g ,  s i n c e  a  s t a n d i n g  w a v e  p a t t e r n  i s  
s e t u p  w h i c h  a l l o w s  t h e  m i c r o w a v e  s i g n a l  t o  
p r o p a g a t e  a r o u n d  t h e  r i n g .  T h e  g u i d e  w a v e l e n g t h  i s  
s t r o n g l y  d e p e n d e n t  o n  t h e  d i e l e c t r i c  c o n s t a n t  o f  t h e  
s u b s t r a t e  a s  w e l l  a s  t h e  g e o m e t r y  o f  t h e  m i c r o s t r i p  
l i n e ,  t h e r e f o r e ,  b y  m e a s u r i n g  t h e  f r e q u e n c i e s  a t  w h i c h  
t h e  r i n g  r e s o n a t e s ,  i t  i s  p o s s i b l e  t o  d e t e r m i n e  t h e  
v e l o c i t y  o f  p r o p a g a t i o n  a n d  h e n c e  t h e  e f f e c t i v e  
d i e l e c t r i c  c o n s t a n t  o f  t h e  m i c r o s t r i p .
A l t h o u g h  t h e  r i n g  r e s o n a t o r  t e c h n i q u e  i s  
w e l l  k n o w n ,  i t  d o e s  n o t  a p p e a r  t o  h a v e  b e e n  u s e d  a t  
f r e q u e n c i e s  a b o v e  l l O G H z .  T h i s  p a p e r  r e v i e w s  t h e  
t h e o r y  o f  t h e  r i n g  r e s o n a t o r ,  a n d  e x a m i n e s  s o m e  o f  
t h e  p r a c t i c a l  s t e p s  t h a t  m u s t  b e  t a k e n  t o  d e s i g n  
c i r c u i t s  o p e r a t i n g  a t  m i l h m e t r e  w a v e  f r e q u e n c i e s .  I t  
w i l l  b e  s h o w n  t h a t  t h e  g a p  c o u p l e d  r i n g  r e s o n a t o r  
s u f f e r s  f r o m  p r a c t i c a l  p r o b l e m s  t h a t  p r e v e n t  c l e a r  
m e a s u r e m e n t  o f  t h e  r e s o n a n c e s  a t  v e r y  h i g h  
f r e q u e n c i e s .  A  n e w  t y p e  o f  r i n g  r e s o n a t o r  i s  
i n t r o d u c e d ,  a n d  s e v e r a l  t e s t  c i r c u i t s  h a v e  b e e n  
f a b r i c a t e d  a n d  m e a s u r e d  a t  f r e q u e n c i e s  u p  t o  2 2 0 G H z  
t o  v a l i d a t e  t h e  t e c h n i q u e s .
II. Review  of analysis
I t  c a n  b e  s h o w n  t h a t  f o r  r i n g s  i n  w h i c h  t h e  
w i d t h  o f  t h e  t r a c k  i s  n a r r o w  c o m p a r e d  w i t h  t h e  
r a d i u s ,  t h e  c u r v a t u r e  o f  t h e  r i n g  b e c o m e s  i n s i g n i f i c a n t  
a n d  t h e  r i n g  c a n  b e  a n a l y s e d  w i t h  t r a n s m i s s i o n  l i n e  
e q u a t i o n s  [ 3 ] .
A t  r e s o n a n c e ,  t h e  r i n g  l e n g t h  ( / )  i s  a n  i n t e g e r  
n u m b e r  ( n )  o f  w a v e l e n g t h s  l o n g  ( A g ) ,  t h e  r e s o n a n c e  
f r e q u e n c y  e q u a t i o n  ( 2 )  f o l l o w s  f r o m  t h e  d e f i n i t i o n  o f  
t h e  g u i d e d  w a v e l e n g t h  ( I ) .
A =
= -
•••/„
1
( 1)
(2)
(/n )
B y  m e a s u r i n g  t h e  r i n g  r e s o n a n c e s / „  a n d  k n o w i n g  t h e  
l e n g t h  o f  t h e  r i n g ,  / ,  t h e  e f f e c t i v e  d i e l e c t r i c  c o n s t a n t  
Seff(f) c a n  b e  d e d u c e d .  T h e  a c t u a l  m a t e r i a l  d i e l e c t r i c  
c o n s t a n t  i s  t h e n  c a l c u l a t e d  b y  u s i n g  k n o w l e d g e  o f  t h e  
m i c r o s t r i p  l i n e  g e o m e t r y ,  a n d  s t a n d a r d  e q u a t i o n s  [ 4 ]  
f o r  Eeff(f). D u e  t o  d i s p e r s i o n ,  t h e  e f f e c t i v e  d i e l e c t r i c  
c o n s t a n t  i s  s l i g h t l y  f r e q u e n c y  d e p e n d e n t ,  a n d  t h i s  
v a r i a t i o n  c a n  b e  c o r r e c t e d  b y  a p p l y i n g  t h e  e q u a t i o n s  
o f  K i r s h n i n g  a n d  J a n s e n  [ 5 ] .
III. Equivalent circuit
I n  o r d e r  t o  r e l a t e  t h e  m e a s u r e d  r e s o n a n c e  f r e q u e n c i e s  
a n d  Q  f a c t o r s  t o  t h e  m a t e r i a l ’ s  p r o p e r t i e s ,  i t  i s  h e l p f u l  
t o  c o n s i d e r  t h e  e q u i v a l e n t  c i r c u i t  o f  t h e  r i n g ,  H s e i h  
a n d  C h a n g  [ 6 ]  c o n s i d e r e d  t h e  r i n g  t o  b e  f o r m e d  o f  
t w o  p a r a l l e l  c o n n e c t e d  l i n e s  a n d  s h o w e d  t h a t  t h e  r i n g  
c a n  b e  d e c o m p o s e d  i n t o  a  p a r a l l e l  L C R  c i r c u i t  a t  
r e s o n a n c e .  A  s i m p l e  e x t e n s i o n  o f  t h e i r  w o r k  [ 3 ]  
s h o w e d  t h a t  t h e  m o d e l  c a n  a l s o  b e  u s e d  a t  t h e  h i g h e r  
m o d e s .  F i g u r e  1  s h o w s  a  d i a g r a m  o f  a  g a p  c o u p l e d  
r e s o n a t o r  a n d  i t s  e q u i v a l e n t  c i r c u i t .
microstrip feedmicrostrip feed
ring
coupling gap coupling gap
X,Zo Cg
C = b  R
C Z F
C q X ,Z o
Feed line Gap Ring Gap Feed line
F i g u r e  1  -  D i a g r a m  a n d  e q u i v a l e n t  c i r c u i t  o f  r i n g  
r e s o n a t o r
T h e  c o m p o n e n t s  i n  F i g u r e  1  c a n  b e  c a l c u l a t e d  f r o m  
( 3 ) .  T h e  r e s i s t o r  R  r e l a t e s  t o  t h e  l o s s e s  i n  t h e  r i n g ,  
w h i c h  a r e  m a d e  u p  o f  d i e l e c t r i c ,  c o n d u c t o r  a n d  
r a d i a t i o n  l o s s e s .  R a d i a t i o n  l o s s e s  a r e  u s u a l l y  s m a l l  i f  
t h e  r i n g  i s  n a r r o w ;  s t e p s  f o r  m i n i m i s i n g  r a d i a t i o n  a r e  
d i s c u s s e d  i n  [ 3 ] , [ 7 ] .  A t  l o w  f r e q u e n c i e s  t h e  l o s s e s  a r e  
e a s y  t o  s e p a r a t e  i n t o  t h e i r  i n d i v i d u a l  c o m p o n e n t s ,  a s  
e q u a t i o n s  c a n  b e  f o u n d  t o  c a l c u l a t e  t h e  c o n d u c t o r  l o s s  
a n d  d i e l e c t r i c  l o s s .  A t  h i g h  f r e q u e n c i e s ,  n o  a c c u r a t e  
e x p r e s s i o n s  e x i s t  f o r  t h e  c o n d u c t o r  l o s s  a s  i t  d e p e n d s  
c r i t i c a l l y  o n  t h e  e x a c t  s h a p e  a n d  f i n i s h  o f  t h e  
c o n d u c t o r .  T h e  p a r a m e t e r  a  i s  t h e  l i n e  l o s s  i n  
N e p e r / m e t e r  w h i c h  c a n  b e  c o n v e r t e d  t o  d B / m  b y  
m u l t i p l y i n g  b y  8 . 6 8 6 .
R=
a^ l
C  =  -
(3)
2Z./.
1
4;r%'C 2»;^ '/.
I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  b e c a u s e  t h e  r i n g  
r e s o n a n c e s  a r e  a l m o s t  e x a c t l y  h a r m o n i c a l l y  r e l a t e d  t o  
t h e  f i r s t  r e s o n a n c e ,  t h e  c a p a c i t a n c e  r e m a i n s  c o n s t a n t  
w i t h  f r e q u e n c y ,  b u t  t h e  i n d u c t a n c e  i s  i n v e r s e l y  
p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  t h e  f r e q u e n c y .  T h e  
r e s o n a n c e  f r e q u e n c y  a n d  Q  f a c t o r  a r e  c a l c u l a t e d  f r o m
(4)
/„ = 12/rVZc
C _n7V 
L a l
(4)
T h e  c o u p l i n g  c a p a c i t a n c e ,  Q  i s  d i f f i c u l t  t o  w o r k  o u t  
a c c u r a t e l y ,  b u t  i s  u s u a l l y  e x c e e d i n g l y  s m a l l ,  p e r h a p s  
l O f F .  E q u a t i o n s  f o r  e s t i m a t i n g  t h i s  c a p a c i t a n c e  c a n  
b e  f o u n d  i n  [ 8 ] ,
A l t h o u g h  t h e  r e s o n a n c e  f r e q u e n c y  c a n  b e  
m e a s u r e d  b y  r e c o r d i n g  t h e  t r a n s m i s s i o n  p e a k  o n  a  
t r a n s m i s s i o n  m e a s u r e m e n t  a n d  t h e  Q  f a c t o r  f o u n d  
f r o m  t h e  3 d B  b a n d w i d t h ,  t h e  e q u i v a l e n t  c i r c u i t  
a l l o w s  a  f e w  e n h a n c e m e n t s .  B e c a u s e  t h e  c o u p l i n g  
c a p a c i t o r s  l o a d  t h e  r i n g  s l i g h t l y ,  t h e  t r a n s m i s s i o n  
p e a k  o c c u r s  a t  a  s l i g h t l y  lower  f r e q u e n c y  t h a n  t h e  
r i n g  r e s o n a n c e .  B y  u s i n g  a  c o m p u t e r  o p t i m i s a t i o n  
p r o c e d u r e ,  L  a n d  C ,  a n d  h e n c e  f„  c a n  b e  e s t i m a t e d  
m o r e  a c c u r a t e l y  b y  a l l o w i n g  f o r  t h e  e f f e c t s  o f  Cg.
IV. Practical Issues
A s  t h e  f o c u s  i n  t h i s  p a p e r  i s  t o  c o n s i d e r  t h e  u s e  o f  
r i n g  r e s o n a t o r s  a t  e x t r e m e l y  h i g h  f r e q u e n c i e s ,  i t  i s  
i m p o r t a n t  t o  d i s c u s s  s e v e r a l  p r a c t i c a l  i s s u e s .
a )  C h o i c e  o f  m i c r o s t r i p
A t  h i g h  f r e q u e n c i e s  c o p l a n a r  w a v e g u i d e  
( C P W )  i s  o f t e n  a  p r e f e r r e d  t r a n s m i s s i o n  l i n e  t o  
m i c r o s t r i p ,  h o w e v e r  i t  s u f f e r s  f r o m  s o m e  
d i s a d v a n t a g e s  w h e n  u s e d  a s  a  r i n g  r e s o n a t o r .  B e c a u s e  
t h e  C P W  l i n e  s u p p o r t s  t w o  p r o p a g a t i n g  m o d e s ,  t h e r e  
i s  a  p o s s i b i l i t y  t h a t  t h e  t w o  m o d e s  m a y  e n c o u n t e r  
d i f f e r e n t  p r o p a g a t i o n  v e l o c i t i e s  d u e  t o  t h e  i n h e r e n t  
a s y m m e t r y  o f  a  c u r v e d  C P W  l i n e  a n d  c a u s e  
r e s o n a n c e  s p l i t t i n g .  I n  a d d i t i o n ,  t h e  f i e l d  d i s t r i b u t i o n  
i n  t h e  C P W  l i n e  i s  m o r e  c o m p l i c a t e d  t h a n  t h a t  o f  
m i c r o s t r i p ,  a n d  t h e  p r e s e n c e  o f  i s o l a t e d  c o n d u c t i n g  
i s l a n d s  i n  a  C P W  r i n g  r e s o n a t o r  w o u l d  a l l o w  
s p u r i o u s  r e s o n a n c e s  t o  o c c u r  u n l e s s  w i r e  b o n d i n g  
w a s  u s e d  t o  e q u a l i s e  t h e  p o t e n t i a l s  b e t w e e n  t h e  
g r o u n d  t r a c k s .  I n  c o n t r a s t ,  t h e  f i e l d s  i n  m i c r o s t r i p  a r e  
e a s i e r  t o  c a l c u l a t e ,  a n d  o n l y  o n e  m o d e  p r o p a g a t e s .
b )  F e e d  n e t w o r k
A b o v e  6 7 G H z ,  t h e r e  d o e s  n o t  a p p e a r  t o  b e  a  
c o m m o n l y  a v a i l a b l e  j i g  t o  a l l o w  t e s t  i n s t r u m e n t a t i o n  
t o  c o n n e c t  t o  m i c r o s t r i p  l i n e s .  A b o v e  l l O G H z ,  n o  
c o a x i a l  c o n n e c t o r  e x i s t s ,  a n d  i n s t r u m e n t a t i o n  i s  f i t t e d  
w i t h  w a v e g u i d e  p o r t s .  A  c o m m o n l y  u s e d  m e t h o d  o f  
t r a n s i t i o n i n g  b e t w e e n  w a v e g u i d e  a n d  p l a n a r  
t r a n s m i s s i o n  l i n e s  i s  t o  u s e  c o p l a n a r  w a v e g u i d e  
p r o b e s .  T h e s e  p r o b e s  f o r m  a  C P W  l i n e  h a v i n g  t w o  
g r o u n d  c o n n e c t i o n s  a n d  a  s i g n a l  c o n n e c t i o n .  A  
d r a w b a c k  w i t h  m i c r o s t r i p  i s  t h a t  t h e  g r o u n d  p l a n e  i s  
o n  t h e  o p p o s i t e  s i d e  o f  t h e  s u b s t r a t e  t o  t h e  c o n d u c t i n g  
t r a c k ,  t h e r e f o r e  v i a s  a r e  n e e d e d  t o  a c c e s s  t h e  g r o u n d .  
F i g u r e  3  s h o w s  t h e  m e t h o d  u s e d  t o  a l l o w  c o p l a n a r  
p r o b e s  t o  m a k e  a  t r a n s i t i o n  w i t h  m i c r o s t r i p .
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F i g u r e  3  -  D i a g r a m  o f  C P W  -  m i c r o s t r i p  t r a n s i t i o n
s p a c i n g )  m a t c h e d  t o  t h e  i m p e d a n c e  o f  t h e  m i c r o s t r i p  
l i n e  ( t y p i c a l l y  5 0 f 2 ) .  T h e  v i a s  c o n n e c t  t h e  C P W  
g r o u n d  a n d  m i c r o s t r i p  g r o u n d .  A  p h o t o g r a p h  o f  o n e  
o f  t h e  t e s t  c i r c u i t s  c o n n e c t e d  t o  t h e  C P W  p r o b e  i s  
s h o w n  i n  f i g u r e  4 .
F i g u r e  4  -  P h o t o g r a p h  o f  c o p l a n a r  p r o b e s  o n  a l u m i n a  
c i r c u i t .
C o n s t r u c t i o n  o f  t h e  v i a s  d e p e n d s  o n  t h e  t y p e  o f  
p r o c e s s  t e c h n o l o g y  u s e d .  F o r  a  m u l t i l a y e r  t h i c k  f i l m  
p r o c e s s ,  t h e  v i a s  c a n  b e  d i r e c t l y  p r i n t e d  a s  t h e  l a y e r s  
a r e  b u i l t  u p .  F o r  m o r e  t r a d i t i o n a l  d o u b l e  s i d e d  
s u b s t r a t e s ,  a  h o l e  i s  d r i l l e d  t h r o u g h  t h e  s u b s t r a t e  a n d  
f i l l e d  w i t h  a  c o n d u c t o r .  B e c a u s e  o f  t h e  v e r y  s m a l l  
d i m e n s i o n s  o f  t h e  C P W  p r o b e  ( p e r h a p s  7 5 p m  c o n t a c t  
s p a c i n g ) ,  t h e  C P W  s e c t i o n  r e q u i r e s  t h e  u s e  o f  
e x t r e m e l y  n a r r o w  c o n d u c t o r s  t r a c k s  a n d  g a p s ,  w h i c h  
m a y  i n t r o d u c e  s o m e  t e c h n i c a l  f a b r i c a t i o n  d i f f i c u l t i e s .  
F i g u r e  5  s h o w s  a  c a l i b r a t e d  p l o t  o f  t h e  t r a n s m i s s i o n  
a n d  r e f l e c t i o n  f r o m  a  5 m m  “ t h r o u g h  l i n e ”  o n  a  
m u l t i l a y e r  c e r a m i c  s u b s t r a t e .  A l t h o u g h  t h e  f e e d  i s  n o t  
p e r f e c t l y  m a t c h e d  a n d  s o m e  r e s o n a n c e s  a r e  v i s i b l e ,  
t h e  r e f l e c t i o n  c o e f f i c i e n t  i s  s e e n  t o  b e  q u i t e  
r e a s o n a b l e  u p  t o  l l O G H z ,  c o n f i r m i n g  t h a t  t h e  t w o  
C P W - m i c r o s t r i p  t r a n s i t i o n s  a r e  w o r k i n g  p r o p e r l y .
0
■10
-20
-30
-40
dB(S22)
-50
0 10 20 30 40 50 60 70 80 90 100 110
T h e  t r a n s i t i o n  c a n  b e  d e s i g n e d  s o  t h a t  t h e  d i m e n s i o n s  
o f  t h e  C P W  s e c t i o n  ( c o n d u c t o r  w i d t h  a n d  g a p
Frequency , GHz
F i g u r e  5  -  S  p a r a m e t e r s  o f  a  s h o r t  “ t h r o u g h  l i n e ”
c )  S u b s t r a t e  p a r a m e t e r s
I n  o r d e r  t o  d e s i g n  r i n g s  a t  v e r y  h i g h  f r e q u e n c i e s ,  i t  i s  
i m p o r t a n t  t o  c o n s i d e r  t h e  f r e q u e n c y  r e s p o n s e  o f  t h e  
m i c r o s t r i p  l i n e .  W h e n  t h e  w i d t h  o f  t h e  l i n e  b e c o m e s  
t o o  w i d e ,  a n  u n d e s i r a b l e  h i g h e r  o r d e r  m o d e  c a n  
p r o p a g a t e  o n  t h e  l i n e .  F i g u r e  6  s h o w s  a  s i m p l i f i e d  
v i e w  o f  t h e  e l e c t r i c  f i e l d  o n  t w o  m i c r o s t r i p s  o f  
d i f f e r e n t  w i d t h s .
F i g u r e  6  -  h i g h e r  o r d e r  m o d e  o n  m i c r o s t r i p
B y  u s i n g  t h e  p l a n a r  w a v e g u i d e  m o d e l  [ 9 ] ,  a n  
a p p r o x i m a t i o n  t o  t h e  c u t  o f f  f r e q u e n c y  o f  t h e  m o d e  
c a n  b e  f o u n d ,  b a s e d  u p o n  t h e  i m p e d a n c e  o f  t h e  l i n e  
a n d  h e i g h t  o f  t h e  s u b s t r a t e  w h e r e  r)o i s  t h e  i m p e d a n c e  
o f  f r e e  s p a c e  (317Ü)
2?,/: (5)
T h e  p e r f o r m a n c e  o f  t h e  m i c r o s t r i p  l i n e  w i l l  
d e t e r i o r a t e  a s  t h e  c u t  o f f  f r e q u e n c y  i s  a p p r o a c h e d .  
T h e  i m p e d a n c e  o f  t h e  l i n e  i s  r e l a t e d  t o  i t s  w i d t h ,  a n d  
d i e l e c t r i c  c o n s t a n t .  E q u a t i o n  ( 5 )  s h o w s  t h a t  t o  
m a x i m i s e  t h e  o p e r a t i n g  f r e q u e n c y  o f  t h e  m i c r o s t r i p ,  
t h e  i m p e d a n c e  m u s t  b e  h i g h  ( n a r r o w  t r a c k )  a n d  t h e  
s u b s t r a t e  t h i n .  T h e  r a d i a t i o n  l o s s  f r o m  t h e  o p e n  e n d e d  
f e e d  l i n e s  a l s o  i n c r e a s e s  a t  h i g h e r  f r e q u e n c i e s ;  t h i s  
c a n  b e  m i n i m i s e d  b y  u s i n g  a  t h i n  s u b s t r a t e .
V. Direct coupled ring
O n e  o f  t h e  d r a w b a c k s  o f  t h e  r i n g  r e s o n a t o r  i s  t h a t  i t  
r e q u i r e s  s m a l l  c o u p l i n g  g a p s .  T h e  c o u p l i n g  g a p s  a r e  
t y p i c a l l y  l e s s  t h a n  h a l f  o f  t h e  s u b s t r a t e  t h i c k n e s s ,  s o  
f o r  e x t r e m e l y  h i g h  f r e q u e n c y  o p e r a t i o n  o n  a  t h i n  
s u b s t r a t e ,  t h e  g a p s  m a y  h a v e  t o  b e  l e s s  t h a n  5 0 u m .  
T h e s e  g a p s  c a n  b e  d i f f i c u l t  t o  f a b r i c a t e  i f  t h e y  a r e  t o o  
s m a l l ,  d u e  t o  t h e  e f f e c t s  o f  u n d e r c u t t i n g  w h e n  
e t c h i n g ,  a n d  c o n d u c t o r  s h r i n k a g e  f o r  t h i c k  f i l m  
c i r c u i t s .  I n  a d d i t i o n  t o  t h e  f a b r i c a t i o n  p r o b l e m s ,  t h e y  
a l s o  l o a d  t h e  r e s o n a n c e s  a n d  m u s t  b e  c o n s i d e r e d  
w h e n  m e a s u r i n g  t h e  Q  f a c t o r .  T h i s  p r o b l e m  i s  
c o m p o u n d e d  a t  e x t r e m e l y  h i g h  f r e q u e n c i e s  w h e n  t h e  
c o u p l i n g  h a s  t o  b e  t i g h t e r  t o  a l l o w  f o r  t h e  l i m i t e d  
d y n a m i c  r a n g e  o f  t h e  i n s t r u m e n t a t i o n .
F i g u r e  6  p r e s e n t s  a  n e w  m e t h o d  o f  c o u p l i n g  
t o  t h e  r i n g  w h i c h  e l i m i n a t e s  t h e  c o u p l i n g  g a p  
a l t o g e t h e r  [ 1 0 ] . Parallel 
transmission lines
1/4, Z o
T h e  r i n g  i s  f e d  b y  t w o  f e e d s ,  p l a c e d  9 0 °  a p a r t  a r o u n d  
t h e  r i n g .  T h i s  p o s i t i o n i n g  i s  c r i t i c a l ,  b u t  n o t  d i f f i c u l t  
t o  a c h i e v e  i n  p r a c t i c e .  W h e n  t h e  r i n g  i s  a  w h o l e  
n u m b e r  o f  w a v e l e n g t h s  l o n g ,  i t  r e s o n a t e s  a n d  a  
s t a n d i n g  w a v e  p a t t e r n  i s  s e t  u p .  B e c a u s e  o f  t h e  
s y m m e t r y  o f  t h e  r i n g ,  o n e  o f  t h e  f e e d  p o i n t s  w i l l  b e  a t  
a  v o l t a g e  m a x i m u m .  F o r  o d d  r e s o n a n c e s ,  t h e  o t h e r  
f e e d  w i l l  b e  a t  a  v o l t a g e  m i n i m u m ,  s o  n o  
t r a n s m i s s i o n  w i l l  b e  m e a s u r e d  a r o u n d  t h e  r i n g .  A t  
e v e n  n u m b e r e d  r e s o n a n c e s ,  b o t h  f e e d s  w i l l  b e  a t  a  
m a x i m u m ,  s o  t h e  r i n g  w i l l  s h o w  t r a n s m i s s i o n .  A n  
a l t e r n a t i v e  w a y  o f  l o o k i n g  a t  t h e  b e h a v i o u r  o f  t h e  
r i n g  i s  t o  c o n s i d e r  t h e  s i g n a l  i s  s p l i t  t w o  w a y s  a t  t h e  
i n p u t  o f  t h e  r i n g ,  o f  w h i c h  t h e r e  i s  a  p a t h  d i f f e r e n c e  
o f  / / 2  a n d  t h e n  r e c o m b i n e d .  W h e n  HI  i s  a n  o d d  
m u l t i p l e  o f  1 8 0 ° ,  t h e  t w o  p a t h s  d e s t r u c t i v e l y  i n t e r f e r e  
a n d  n o  t r a n s m i s s i o n  o c c u r s .  T h i s  c r i t e r i o n  i s  s a t i s f i e d  
w h e n  / / 2 = 1 8 0 ° ,  5 4 0 ° ,  9 0 0 ° . . .  i . e .  / =  1 * 3 6 0 ° ,  3 * 3 6 0 ° ,  
5 * 3 6 0 ° . . .
F i g u r e  8  s h o w s  a  s i m u l a t e d  c o m p a r i s o n  o f  
t h e  f r e q u e n c y  r e s p o n s e  o f  a  d i r e c t  c o u p l e d  r i n g  a n d  a  
g a p  c o u p l e d  r i n g .
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F i g u r e  7  -  D i r e c t  c o u p l e d  r i n g  r e s o n a t o r
Frequency, GHz
F i g u r e  8  -  S i m u l a t e d  r e s p o n s e  o f  g a p  c o u p l e d  a n d  
d i r e c t  r i n g  r e s o n a t o r
T h e  s i m u l a t i o n  w a s  c a r r i e d  o u t  b y  u s i n g  t w o  
i d e a l  t r a n s m i s s i o n  l i n e s  t o  m a k e  t h e  r i n g  ( a s  s h o w n  i n  
f i g u r e  7 ) ,  a n d  l O f F  c o u p l i n g  c a p a c i t o r s  t o  s i m u l a t e  
t h e  e f f e c t s  o f  t h e  c o u p l i n g  g a p .  I n  t h e  s i m u l a t i o n ,  t h e  
l i n e  l o s s  i n c r e a s e s  w i t h  t h e  s q u a r e  r o o t  o f  t h e  
f r e q u e n c y .  F i g u r e  8  c l e a r l y  s h o w s  t h a t  n u l l s  o c c u r  f o r  
o d d  n u m b e r e d  r e s o n a n c e s ,  a n d  t h a t  a s  t h e  l o s s  
i n c r e a s e s ,  t h e  n u l l s  b e c o m e  l e s s  d e e p .  I t  c a n  a l s o  b e  
s e e n  t h a t  t h e  n u l l s  o f  t h e  d i r e c t  c o u p l e d  r i n g  m a t c h  u p  
w i t h  p e a k s  i n  t h e  g a p  c o u p l e d  r i n g .  A t  t h e  h i g h e s t  
f r e q u e n c i e s ,  t h e r e  i s  a  s m a l l  l o a d i n g  e f f e c t  o f  t h e  
c o u p l i n g  g a p ,  a n d  t h e  p e a k s  i n  t h e  r e s p o n s e  a r e  
s h i f t e d  t o  a  s l i g h t l y  l o w e r  f r e q u e n c y .  T h e  s i m u l a t i o n  
d o e s  n o t  i n c l u d e  p o s s i b l e  r a d i a t i o n  f r o m  t h e  c o u p l i n g  
g a p ,  n o r  a n y  v a r i a t i o n  o f  t h e  c o u p l i n g  c a p a c i t a n c e  
w i t h  f r e q u e n c y .
A n  a n a l y t i c  e x p r e s s i o n  f o r  S 12  f o r  t h e  d i r e c t  
c o u p l e d  g a p  i s  g i v e n  [ 1 0 ] .
VI. Fabricated circuits
C i r c u i t s  w e r e  c o n s t r u c t e d  o n  t w o  d i f f e r e n t  t y p e s  o f  
t e c h n o l o g y :
a )  M u l t i l a y e r  t h i c k - d i m  c e r a m i c
b )  C o n v e n t i o n a l  c o p p e r  c l a d  p l a s t i c  
s u b s t r a t e s ,  w i t h  n e w  t y p e  o f  p o l y m e r  
s u b s t r a t e
I n  a d d i t i o n ,  f o r  e a c h  o f  t h e  t w o  d i f f e r e n t  c i r c u i t  
t e c h n o l o g i e s ,  t w o  d i f f e r e n t  t y p e s  o f  s u b s t r a t e  w e r e  
a v a i l a b l e .  I t  s h o u l d  b e  s t r e s s e d  t h a t  t h e  p u r p o s e  o f  t h e  
e x p e r i m e n t s  w a s  not t o  d e t e r m i n e  t h e  d e f i n i t i v e  
p e r f o r m a n c e  o f  t h e  m a t e r i a l s ,  b u t  i n s t e a d  t o  e x a m i n e  
t h e  v i a b i l i t y  o f  t h e  m i c r o s t r i p  r i n g  r e s o n a t o r  o p e r a t i n g  
a t  v e r y  h i g h  f r e q u e n c i e s .
E a c h  c i r c u i t  c o m p r i s e d  t h r e e  d i f f e r e n t  
w i d t h s  o f  r e s o n a t o r  -  a  l o w  i m p e d a n c e  r e s o n a t o r ,  a  
h i g h  i m p e d a n c e  r e s o n a t o r  a n d  o n e  o f  a p p r o x i m a t e l y  
5  o n .  I n  a d d i t i o n  t o  t r a d i t i o n a l  g a p  c o u p l e d  
r e s o n a t o r s ,  e x a m p l e s  o f  t h e  n e w  t y p e  o f  d i r e c t  
c o u p l e d  r e s o n a t o r s  w e r e  a l s o  f a b r i c a t e d .  H i g h  q u a l i t y  
p h o t o m a s k s  w e r e  u s e d  d u e  t o  t h e  f i n e  c i r c u i t  f e a t u r e s ,  
h o w e v e r  s h r i n k a g e  o n  t h e  t h i c k  f i l m  p r o c e s s  a n d  
u n d e r c u t t i n g  o n  t h e  c o p p e r  e t c h i n g  p r o c e s s  l i m i t e d  
t h e  a c h i e v a b l e  r e s o l u t i o n .  T h e  m e a s u r e d  f a b r i c a t e d  
d i m e n s i o n s  a n d  a p p r o x i m a t e  l i n e  i m p e d a n c e s  a r e  
g i v e n  i n  t a b l e  I ,  a n d  p i c t u r e s  o f  t h e  c i r c u i t s  i n  f i g u r e s  
9  a n d  1 0 .  A l l  o f  t h e  r i n g s  h a d  a  r a d i u s  o f  5 m m .
T a b l e  I  R i n g  r e s o n a t o r  d i m e n s i o n s
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F i g u r e  9  -  P h o t o g r a p h  o f  m u l t i l a y e r  c e r a m i c  c i r c u i t .  
D u P o n t  Q M 4 4 F  d i e l e c t r i c  ( l e f t ) ,  H i b r i d a s  H D  1 0 0 0  
d i e l e c t r i c  ( r i g h t )
o
F i g u r e  1 0  -  P h o t o g r a p h  o f  c e r a m i c  l o a d e d  p o l y m e r  
c i r c u i t
T h e  m u l t i l a y e r e d  c e r a m i c  c i r c u i t s  w e r e  f a b r i c a t e d  b y  
a  s t a n d a r d  p h o t o - i m a g e a b l e  t h i c k - f i l m  p r o c e s s ;  
p r i n t i n g  a n d  f i r i n g  a  g r o i m d p l a n e  o n  t o  a n  a l u m i n a  
c a r r i e r ,  t h e n  b u i l d i n g  u p  s u c c e s s i v e  l a y e r s  o f  
d i e l e c t r i c  a n d  c o n d u c t o r  o n  t o p  o f  t h e  g r o u n d  p l a n e .  
T h e  p r o c e s s  u s e d  p h o t o - i m a g e a b l e  d i e l e c t r i c s  f r o m  
D u P o n t  ( Q M 4 4 F )  a n d  H i b r i d a s  ( H D 1 0 0 0 ) ,  a n d  a  
p h o t o - i m a g e a b l e  s i l v e r  c o n d u c t o r  f r o m  D u P o n t  
( 6 7 7 8 ) .  D u e  t o  t h e  n u m b e r  o f  d i e l e c t r i c  l a y e r s ,  a n d  
t h e  n e e d  f o r  v i a s ,  t h e  c i r c u i t s  w e r e  t i m e  c o n s u m i n g  t o  
m a k e .  E a c h  o f  t h e  1 2  l a y e r s  h a d  t o  b e  p r i n t e d ,  d r i e d ,  
e x p o s e d ,  d e v e l o p e d  a n d  f i r e d  a t  8 5 0 ° C .  A  c r o s s -  
s e c t i o n a l  d i a g r a m  i s  g i v e n  i n  f i g u r e  I I .
Top conductor
5 layers 
dielectric 
/via
Groundplane
Alumina
F i g u r e  1 1  -  M u l t i l a y e r  t h i c k  f i l m  c i r c u i t s
T h e  t w o  p o l y m e r  c i r c u i t s  u s e d  s i g n i f i c a n t l y  d i f f e r e n t  
t y p e s  o f  d i e l e c t r i c .  O n e  u s e d  a  p l a i n  p o l y m e r  
d i e l e c t r i c  ( w i t h  l o w  p e r m i t t i v i t y ) ,  t h e  o t h e r  w a s  
l o a d e d  w i t h  c e r a m i c  p a r t i c l e s  t o  i n c r e a s e  t h e  
d i e l e c t r i c  c o n s t a n t .  T h e  p o l y m e r  c i r c u i t s  b o t h  s h a r e d  
t h e  s a m e  p h o t o m a s k  e v e n  t h o u g h  t h e  d i e l e c t r i c  
c o n s t a n t  a n d  m a t e r i a l  t h i c k n e s s  w e r e  d i f f e r e n t .  T h i s  
w a s  p o s s i b l e  b e c a u s e  t h e  i n c r e a s e d  t h i c k n e s s  o f  t h e  
c e r a m i c  l o a d e d  p o l y m e r  b a l a n c e d  t h e  i n c r e a s e d  
d i e l e c t r i c  c o n s t a n t ,  a n d  t h e  c i r c u i t s  a n d  f e e d l i n e s  h a d  
s i m i l a r  i m p e d a n c e s .  T h e  v i a s  w e r e  f o r m e d  b y  d r i l l i n g  
0 . 5 m m  h o l e s  i n  t h e  s u b s t r a t e ,  t h e n  f i l l i n g  t h e  h o l e s  
w i t h  s i l v e r  c o n d u c t i n g  p a i n t .  T h e  p o l y m e r  m a t e r i a l s  
w e r e  s u p p l i e d  w i t h  1 7 | i m  d o u b l e  s i d e d  c o p p e r  
c l a d d i n g .  T h i s  w a s  t h i n n e d  d o w n  t o  a r o u n d  8 - 1 0 p m  
b y  e t c h i n g  p r i o r  t o  p h o t o - p l o t t i n g .  A  v e r y  t h i n
l i t h o g r a p h i e  p h o t o  r e s i s t  w a s  s p u n  o n t o  t h e  t h i n n e d  
c o p p e r  t h e n  e x p o s e d  t o  U V  t h r o u g h  a  c h r o m e  
p h o t o m a s k .  F i n a l l y ,  t h e  c i r c u i t s  w e r e  b u b b l e  e t c h e d  
w i t h  f e r r i c  c h l o r i d e .
250um 1000am
F i g u r e  1 2  -  F e e d  n e t w o r k s  a n d  v i a s ,  a l u m i n a  ( l e f t )  
a n d  p o l y m e r  ( r i g h t )
VII. M easured data
O n  t h e  w h o l e ,  a l l  f o u r  o f  t h e  t e s t  c i r c u i t s  w o r k e d  
w e l l ,  a n d  e a c h  r i n g  d i s p l a y s  m a n y  c l e a r  r e s o n a n c e s .  
T h e  c e r a m i c  l o a d e d  p o l y m e r  c i r c u i t s  w e r e  n o t  
m e a s u r e d  a b o v e  l l O G H z  a s  t h e  m a t e r i a l  t h i c k n e s s  
a v a i l a b l e  w a s  t o o  h i g h ,  w h i c h  r e s u l t e d  i n  p o o r  
p e r f o r m a n c e  d u e  t o  h i g h e r  o r d e r  m o d e s  p r o p a g a t i n g .
B e c a u s e  s o  m a n y  r i n g s  w e r e  t e s t e d ,  a n d  t h e  
e m p h a s i s  o n  t h i s  p a p e r  i s  t o  d e m o n s t r a t e  t h e  v a l i d i t y  
o f  t h e  r i n g  r e s o n a t o r  t e c h n i q u e  a t  v e r y  h i g h  
f r e q u e n c i e s ,  o n l y  t h e  m o s t  i n t e r e s t i n g  r e s u l t s  a r e  
s h o w n .
T h e  g r a p h s  s h o w  a  s i d e  b y  s i d e  c o m p a r i s o n  
o f  t h e  g a p  c o u p l e d  r e s o n a t o r s  a n d  d i r e c t  c o u p l e d  
r e s o n a t o r s  ( f o r  r i n g s  o f  t h e  s a m e  w i d t h ) .  T h e  p l o t s  
w e r e  p r o d u c e d  b y  m e a s u r i n g  t h e  t r a n s m i s s i o n  a c r o s s  
t h e  r i n g s  u s i n g  a n  H P 8 5 1 0 X F  n e t w o r k  a n a l y s e r  
( 4 5 M H z - l  l O G H z ) ,  a n d  O l e s o n  M i c r o w a v e  f r e q u e n c y  
e x t e n d e r s  ( 1 4 0 - 2 2 0 G H z ) .  N o  m e a s u r e m e n t s  w e r e  
p o s s i b l e  i n  t h e  f r e q u e n c y  r a n g e  1 1 0 - 1 4 0 G H z .
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F i g u r e  1 3  -  M e a s u r e d  d a t a  f o r  p o l y m e r  r i n g s  o f  w i d t h  
3 1 0 p m
• 75um gap
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F i g u r e  1 4  -  M e a s u r e d  d a t a  f o r  p o l y m e r  r i n g s  o f  w i d t h  
7 5 p m
10 20 30 40 SO 90 100 110
F req u en cy , GHz
F i g u r e  1 5  -  M e a s u r e d  d a t a  f o r  c e r a m i c  l o a d e d  
p o l y m e r  r i n g s  o f  w i d t h  4 6 0 p m
 25um gap
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F i g u r e  1 6  -  M e a s u r e d  d a t a  f o r  H i b r i d a s  H D  1 0 0 0  
m u l t i l a y e r  t h i c k  f i l m  d i e l e c t r i c .  R i n g s  o f  w i d t h  2 5 p m
F req u en cy , GHz
F i g u r e  1 7  -  M e a s u r e d  d a t a  f o r  D u P o n t  Q M 4 4 F  
m u l t i l a y e r  t h i c k  f i l m  d i e l e c t r i c .  R i n g s  o f  w i d t h  7 0 p m
Vni. Extracted results
T h e  r i n g s  o n  t h e  v a r i o u s  s u b s t r a t e s  o f  d i f f e r e n t  
d i m e n s i o n s  p r o d u c e d  l a r g e  a m o u n t s  o f  d a t a  i n  t h e  
f o r m  o f  s e v e r a l  h u n d r e d  c l e a r l y  d e f i n e d  r e s o n a n c e s .  
A  s e l e c t i o n  o f  t h i s  d a t a  w i l l  b e  p r e s e n t e d  t o  
d e m o n s t r a t e  e x t r a c t i o n  o f  l i n e  d a t a .
T o  a n a l y s e  t h e  m e a s u r e m e n t s  o n  t h e  
p o l y m e r  c i r c u i t s ,  t h e  c i r c u i t  f i t t i n g  t e c h n i q u e  
d i s c u s s e d  i n  s e c t i o n  I I I  w a s  u s e d  o n  t h e  g a p  c o u p l e d  
c i r c u i t s .  C a r e f u l  m e a s u r e m e n t s  o f  S 21  o v e r  t h e  
f i ' e q u e n c y  r a n g e  1 - 1  l O G H z  w e r e  m a d e  a n d  i m p o r t e d  
i n t o  A g i l e n t  A D S .  T h e  e q u i v a l e n t  c i r c u i t  o f  f i g u r e  1  
w a s  d r a w n ,  a n d  t h e  o p t i m i s e r  u s e d  t o  d e t e r m i n e  t h e  
v a l u e s  o f  L ,  C  a n d  R  i n  t h e  e q u i v a l e n t  c i r c u i t ,  b y  
f i t t i n g  t h e  f r e q u e n c y  r e s p o n s e  o f  t h e  e q u i v a l e n t  
c i r c u i t  t o  t h a t  o f  t h e  m e a s u r e d  d a t a .  I t  s h o u l d  b e  
p o i n t e d  o u t  t h a t  t h e  e q u i v a l e n t  c i r c u i t  i s  o n l y  v a l i d  a t  
o n e  r e s o n a n c e ,  t h e r e f o r e  t h e  o p t i m i s a t i o n  p r o c e d u r e  
w a s  r e p e a t e d  o v e r  a  n a r r o w  f r e q u e n c y  r a n g e  f o r  e a c h  
r e s o n a n c e  i n  t u r n .  T h e  i n i t i a l  v a l u e s  o f  L  a n d  C  w e r e  
t h o s e  f r o m  e q u a t i o n  ( 3 ) .  T h e  Q  f a c t o r  a n d  r e s o n a n c e  
f r e q u e n c i e s  (f„) f i r o m  e q u a t i o n  ( 4 )  w e r e  c a l c u l a t e d  
a n d  s t o r e d  f o r  e a c h  r e s o n a n c e ,  n. A  p l o t  o f  t h i s  d a t a  i s  
g i v e n  f o r  t h e  7 5 p m  w i d e  g a p  c o u p l e d  r i n g  o n  t h e  
p o l y m e r  s u b s t r a t e  i n  f i g u r e  1 8 .
R esonance num ber, n
F i g u r e  1 8  -  E x t r a c t e d  r e s o n a n c e  f r e q u e n c i e s  a n d  Q  
f a c t o r s  f i ' o m  a  t y p i c a l  p o l y m e r  c i r c u i t .
T h e  l i n e  l o s s ,  a,  c a n  b e  c a l c u l a t e d  f r o m  t h e  Q  
f a c t o r  b y  u s i n g  e q u a t i o n  ( 4 ) .  N o t e  t h a t  a  i s  m e a s u r e d  
i n  N p / m ,  a n d  h a s  b e e n  c o n v e r t e d  t o  d B / m  b y  
m u l t i p l y i n g  b y  2 0 1 o g i o ( c )  =  8 . 6 8 6 .
T h e  e f f e c t i v e  d i e l e c t r i c  c o n s t a n t ,  Seg, c a n  b e  
e x t r a c t e d  b y  u s i n g  e q u a t i o n  ( 2 ) .  T h e  e f f e c t i v e  
d i e l e c t r i c  c o n s t a n t  i s  c l o s e l y  r e l a t e d  t o  t h e  v e l o c i t y  
f a c t o r  o f  t h e  l i n e ,  a n d  i s  r e l a t e d  t o  t h e  m a t e r i a l ’ s  
d i e l e c t r i c  c o n s t a n t  b y  m i c r o s t r i p  d e s i g n  e q u a t i o n s  a n d  
t h e  d i m e n s i o n s  o f  t h e  m i c r o s t r i p  l i n e s .  F r e q u e n c y  
c o r r e c t e d  e x p r e s s i o n s  f o r  c a l c u l a t i n g  Seg(f) c a n  b e  
f o u n d  i n  [ 4 ] , [ 5 ] , [ 9 ] .  T h r o u g h  a n  i t e r a t i v e  p r o c e d u r e  
( i m p l e m e n t e d  i n  M i c r o s o f t  E x c e l ) ,  Er(f) c a n  t h e r e f o r e  
b e  d e d u c e d  f i ' o m  Eegd)- P l o t s  o f  a l l  o f  t h e  e x t r a c t e d  
d i e l e c t r i c  c o n s t a n t s  a r e  g i v e n  i n  f i g u r e  1 9 ,  a n d  t h e  
l i n e  l o s s e s  i n  f i g u r e  2 0 .
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F i g u r e  1 9  -  E x t r a c t e d  p o l y m e r  d i e l e c t r i c  c o n s t a n t
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F i g u r e  2 0  -  P o l y m e r  l i n e  l o s s e s  i n  d B / m
T o  d e m o n s t r a t e  t h e  u t i l i t y  o f  t h e  d i r e c t  c o u p l e d  r i n g ,  
t h e  r e s o n a n c e  f r e q u e n c i e s  o f  t h e  m u l t i l a y e r  c e r a m i c  
r i n g  c i r c u i t s  h a v e  b e e n  e x t r a c t e d  b y  r e c o r d i n g  t h e  
f r e q u e n c y  o f  t h e  n u l l s  i n  t h e  t r a n s m i s s i o n .  T h e  
e f f e c t i v e  d i e l e c t r i c  c o n s t a n t  a n d  t h u s  t h e  d i e l e c t r i c  
c o n s t a n t  t h e n  f o l l o w .  T h i s  d a t a  i s  p l o t t e d  i n  f i g u r e  2 0  
f o r  t h e  t w o  d i f f e r e n t  t h i c k  f i l m  d i e l e c t r i c s .
K Hibridas 25um 
X Hibridas 70um 
X Hibridas 150um 
0 DuPont 25um 
« DuPont 70um 
» DuPont 150um
F i g u r e  2 1  -  E x t r a c t e d  d i e l e c t r i c  c o n s t a n t  f o r  H i b r i d a s  
H D  1 0 0 0  a n d  D u P o n t  Q M 4 4 F
K .  Discussion and conclusion
F i g u r e  1 4  s h o w s  t h e  f i ' e q u e n c y  r e s p o n s e  o f  n a r r o w  
( 7 5 p m )  r i n g s  o n  t h e  1 2 7 p m  p o l y m e r  m a t e r i a l .  T h e  
h i g h e r  o r d e r  m i c r o s t r i p  c u t  o f f  f r e q u e n c y  f r o m  
e q u a t i o n  ( 4 )  i s  g r e a t e r  t i i a n  3 0 0 G H z ,  a n d  t h e  d i r e c t  
c o u p l e d  r i n g  c a n  b e  s e e n  t o  g i v e  c l e a r l y  i d e n t i f i a b l e  
n u l l s  r i g h t  u p  t o  2 2 0 G H z
F i g u r e  1 5  s h o w s  t h e  f r e q u e n c y  r e s p o n s e  o f  w i d e  
( 4 6 0 p m )  r i n g s  o n  t h e  3 1 8 p m  c e r a m i c  l o a d e d  p o l y m e r  
m a t e r i a l .  B e c a u s e  o f  t h e  t h i c k e r  s u b s t r a t e ,  w i d e r  l i n e s  
a n d  h i g h e r  d i e l e c t r i c  c o n s t a n t ,  t h e  h i g h e r  o r d e r  
m i c r o s t r i p  c u t  o f f  f r e q u e n c y  f r o m  e q u a t i o n  ( 4 )  i s  o n l y  
6 5 G H z .  T h e  p o o r  p e r f o r m a n c e  o f  t h e  r i n g s  a b o v e  
a r o u n d  6 0 G H z  c o u l d  b e  a t t r i b u t e d  t o  t h e  p r e s e n c e  o f  
h i g h e r  o r d e r  m o d e s .  T h i s  e m p h a s i s e s  t h e  n e e d  f o r  
u s i n g  t h i n  s u b s t r a t e s  a t  h i g h  f r e q u e n c i e s .
F i g u r e  1 6  a n d  1 7  s h o w s  a  c l e a r  a d v a n t a g e  o f  
t h e  d i r e c t  c o u p l e d  r i n g  w h e n  u s e d  w i t h  v e r y  t h i n  
s u b s t r a t e s .  B e c a u s e  t h e  t h i c k  f i l m  c e r a m i c  s u b s t r a t e s  
a r e  o n l y  a r o u n d  8 0 p m  t h i c k ,  t h e  g a p  c o u p l i n g  i s  v e r y  
w e a k ,  e v e n  t h o u g h  t h e  g a p  i s  o n l y  4 5 p m  w i d e .  T h i s  
c a u s e s  t h e  g a p  c o u p l e d  r i n g s  t o  b e  u n d e r  c o u p l e d ,  a n d  
p r o d u c e  p o o r l y  d e f i n e d  r e s o n a n c e s .  A b o v e  1  l O G H z ,  
w h e r e  t h e  n e t w o r k  a n a l y s e r  h a s  r e d u c e d  d y n a m i c  
r a n g e ,  n o  r e s o n a n c e s  c o u l d  b e  m e a s u r e d .  H o w e v e r ,  
t h e  d i r e c t l y  c o u p l e d  r i n g s  s t i l l  e x h i b i t  c l e a r  n u l l s .
T h e  e x t r a c t e d  l i n e  l o s s  m e a s u r e m e n t s  f o r  t h e  
p o l y m e r  s h o w  t h a t  l i n e  l o s s e s  o f  a b o u t  l O O d B / m  
( O . l d B / m m )  w e r e  a c h i e v a b l e  a t  1 5 0 G H z .  T h e  l i n e a r  
s l o p e  o f  t h e  g r a p h s  s u g g e s t s  t h a t  t h e  d i e l e c t r i c  l o s s e s  
d o m i n a t e  a s  t h e  d i e l e c t r i c  l o s s  i s  p r o p o r t i o n a l  t o  
f r e q u e n c y .
T h e  e x t r a c t e d  d i e l e c t r i c  c o n s t a n t  
m e a s u r e m e n t s  s h o w  t h a t  t h e  p l a i n  p o l y m e r  ( 6 ^ = 2 . 5 7 5 )  
a n d  b o t h  t h i c k  f i l m  c e r a m i c  s u b s t r a t e s  ( H i b r i d a s  
8 t = 7 . 6 ,  D u P o n t  E r = 7 . 8 )  h a v e  s t a b l e  d i e l e c t r i c  c o n s t a n t  
v a l u e s  o v e r  a  w i d e  f r e q u e n c y  r a n g e .  T h e  c e r a m i c  
l o a d e d  p o l y m e r  s h o w s  a  d i e l e c t r i c  c o n s t a n t  o f  
a p p r o x i m a t e l y  6 . 3 ,  a l t h o u g h  t h i s  a p p e a r s  t o  v a r y  
s l i g h t l y  w i t h  f r e q u e n c y .
B e c a u s e  t h e  e f f e c t i v e  d i e l e c t r i c  c o n s t a n t  i s  
w e a k l y  d e p e n d e n t  o n  t h e  h e i g h t  o f  t h e  s u b s t r a t e  a n d  
t h e  c o n d u c t o r  t h i c k n e s s  a s  w e l l  a s  t h e  c o n d u c t o r  t r a c k  
w i d t h ,  e r r o r s  i n  m e a s u r i n g  t h e s e  p a r a m e t e r s  c a n  c a u s e  
u n c e r t a i n t y  i n  t h e  e x t r a c t e d  d i e l e c t r i c  c o n s t a n t .  T h e s e  
e r r o r s  c a n  b e  m i n i m i s e d  b y  m i n i m i s i n g  t h e  c o n d u c t o r  
t h i c k n e s s  a n d  u s i n g  w i d e r  t r a c k s .  W i d e r  t r a c k s  m a y  
a l s o  s h o w  a  h i g h e r  Q  f a c t o r  w h i c h  i m p r o v e s  t h e  
a c c u r a c y  i n  d e t e r m i n i n g  t h e  r e s o n a n t  f r e q u e n c y .
O n e  o f  t h e  k e y  a s p e c t s  h i g h l i g h t e d  b y  t h i s  
s t u d y  i s  t h e  n e e d  t o  p r o d u c e  e x t r e m e l y  a c c u r a t e  a n d  
h i g h  r e s o l u t i o n  a r t w o r k .  N o n  u n i f o r m i t y  i n  t h e  r i n g  
c a n  c a u s e  m o d e  s p l i t t i n g ;  a  p r o b l e m  w h i c h  i s  
e s p e c i a l l y  a c u t e  o n  t h e  d i r e c t  c o u p l e d  r i n g .  T h e  n u l l  
i n  t h e  d i r e c t  c o u p l e d  r i n g  i s  c a u s e d  b y  b o t h  t h e  r i n g  
l e n g t h  b e i n g  a  w h o l e  n u m b e r  o f  w a v e l e n g t h s  a n d  t h e  
p a t h  d i f f e r e n c e  b e i n g  a n  o d d  n u m b e r  o f  h a l f  
w a v e l e n g t h s .  B o t h  o f  t h e s e  c r i t e r i a  w i l l  p u t  a  n u l l  i n  
t h e  f r e q u e n c y  r e s p o n s e ,  b u t  i f  t h i s  s y m m e t r y  i s  
d i s t u r b e d  ( e i t h e r  b y  i n a c c u r a t e  c i r c u i t  f a b r i c a t i o n  o r  
b y  m a t e r i a l  v a r i a t i o n s  a r o u n d  t h e  r i n g ) ,  t h e n  t w o  
e f f e c t s  w i l l  o c c u r  a t  d i f f e r e n t  f r e q u e n c i e s  a n d  c l o s e l y
s p a c e d  n u l l s  a r e  p r o d u c e d .  T h i s  e f f e c t  c a n  b e  s e e n  i n  
f i g u r e  2 2 .
Frequency, GHz
F i g u r e  2 2  -  R e s o n a n c e  s p l i t t i n g  i n  d i r e c t  c o u p l e d  r i n g
T h i s  s t u d y  h a s  s h o w n  t h a t  w i t h  c a r e f i i l  f a b r i c a t i o n  
u s i n g  l o w  l o s s  m a t e r i a l s ,  t h e  r i n g  r e s o n a t o r  o f f e r s  a  
v a l u a b l e  t e c h n i q u e  f o r  e x a m i n i n g  m a t e r i a l s  a t  h i g h  
f r e q u e n c i e s .  A  n e w  c o u p l i n g  t e c h n i q u e  h a s  b e e n  
d e m o n s t r a t e d  w h i c h  e l i m i n a t e s  t h e  n e e d  t o  p r o d u c e  
v e r y  f i n e  c o u p l i n g  g a p s .  A n  a d d i t i o n a l  a d v a n t a g e  i n  
t h i s  t e c h n i q u e  i s  t h a t  t h e  d y n a m i c  r a n g e  r e q u i r e m e n t  
o f  t h e  m e a s u r e m e n t  i n s t r u m e n t  i s  d i m i n i s h e d .  A l l  o f  
t h e  m a t e r i a l s  t e s t e d  s h o w e d  g o o d  h i g h  f r e q u e n c y  
p e r f o r m a n c e ,  i n  p a r t i c u l a r  t h e  t h i c k - f i l m  c e r a m i c  
m a t e r i a l s  a n d  p l a i n  p o l y m e r .  T h e s e  m a t e r i a l s  
e x h i b i t e d  l e s s  t h a n  ± 2 %  v a r i a t i o n  i n  t h e i r  d i e l e c t r i c  
c o n s t a n t  o v e r  a  v e r y  b r o a d  f r e q u e n c y  r a n g e .
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M A T E R I A L  R E D A C T E D  A T  R E Q U E S T  O F  U N I V E R S I T Y
A pp en d ix  B  
M at lab Source C ode
This appendix includes some Matlab code for implementing the SDA (see chapter 9). 
The code shown allows calculation of €e// for a Coplanar Strips waveguide. Electric wall 
symmetry is assumed. It is straightforward to modify the code to calculate other types 
of planar waveguide structure, so only the CPS code is given. Script “SolveCPSFW” 
specifies the dimensions of the CPS, and sets up the root finding algorithm. Function 
“CPSFWE.m” sets up the SDA matrix, and calculates the determinant. This function 
can also plot the basis functions if called with a “1” as the final parameter.
B .l  SolveCPSFW .m
7o s o lv e  CPS
% This t r i e s  to  s o lv e  fo r  b eta  fo r  a range of f r e q e u n c ie s .
% C a lls  param eterised  CPSFWE or CPSFWM
wg=90e-6; % groimdplane width  
ws=60e-6; % s l o t  width  
h=635e-6; % h e ig h t  
a=5e-3; % th e  box i s  2a wide 
er= 9 .5 ;
F=40 % frequency  
kO=2*pi*F*le9/2. 9979e8;
ere_guess=[4  6 ];  % search  fo r  ere in s id e  t h i s  range 
b _guess= sqrt(ere_gu ess*k 0"2);
b F = f z e r o ( b e t a )  C PSFW E(ws,w g,h ,a ,er ,F*le9,beta ,1 5 ,1 5 ,2 5 0 0 0 ,0 ) ,b _ g u e s s ) ; 
e= bF ."2 ./kO ."2 % t h i s  i s  c a lc u la te d  ere
C P S F W E (w s,w g ,h ,a ,er ,F * le9 ,b F ,15 ,15 ,25000 ,l); % p lo t  th e  b a s is  fu n c t io n s
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B.2 CPSFW E.m
% Work out b e ta  fo r  coplanar s t r ip s  
% R Hopkins, Mar 2008
% This code fo l lo w s  a s im i la r  form as I t o h ’ s FORTRAN code
% i t  works out th e  numerical in t e g r a t io n  fo r  b a s i s  fu n c t io n s  n,m as a
% f
% This u ses  b a s i s  fu n c t io n s  fo r  Jz and Jx
% Assumes E w a ll  symmetry -  t h i s  i s  dominant mode!
7o [1] "Numerical Techniques fo r  Microwave and M ill im eter  Wave P a ss iv e  
% S tru ctu res" ,  I toh
% [2] "D ispersion  C h a r a c te r is t ic s  fo r  Wide S l o t l i n e s  on L ow -P erm itt iv ity  
% s u b s tr a te s ,  Janaswamy, Schaybert, MTT-33, 8 , Aug 1985
% reg io n  1 i s  in  a ir
% reg io n  2 i s  in  su b stra te
% reg ion  3 i s  in  a ir
7o moved grounplanes to  i n f i n i t y  
%
% (1) <-w->
% = = = = = =  = = = = = =
% (2)************** I 
% ( e r ) ************* h 
% ***************** I 
% (3 )
7.
7o width of s l o t ,  width of ground, h e ig h t ,  width of boundary,
% Er,Freqeuncy, # b a s i s  fu n c t io n s  in  Jz , # b a s i s  fu n c t io n s  
% in  Jx, # in t e g r a t io n  p o in t s ,  p lo t  b a s i s  fu n c t io n s  
fu n c t io n  d=CPSFWM(ws, wg, h , a , e r , f r e q ,b e t a , N, M, I , b a s)
ep si0= 8 .855e-12;
mu0=pi*4e-7;
womega=2*pi*freq;
yhat=j *womega*epsiO; 
y h a t l= y h a t; 
yhat2=er*yhat; 
yhat3=yhat;
zhat=j *womega*muO; 
k k l= -z h a t* y h a t l ; % kl"2  
kk2=-zhat*yhat2; % k2"2 
k k3=-zhat*yhat3; % k2~2 
n = l:I ;
a lp h a = (n )* p i/a ;
a2b2=alpha."2+beta.^2;
G m rl=sqrt(a2b2-kkl); % gamma in  1 
Gmr2=sqrt(a2b2-kk2); % gamma in  2
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Gmr3=sqrt(a2b2-kk3); % gamma in  3
Gyl=Gmrl/yhatl; % Gamma y i  
Gy2=Gmr2/yhat2;
Gy3=Gmr3/yhat3;
Gzl=Gmrl/zhat; % Gamma z i  
Gz2=Gmr2/zhat;
Gz3=Gmr3/zhat;
% th e s e  are from i to h  (2 1 ) .
% by extending top  and bottom groundplanes to  i n f i n i t y  and assuming reg io n  
% 1 and 3 i s  a ir  I g e t  
% c t l = l  ( i n f i n i t e  a ir )
% ct2=coth(Gmr2.h)
7o c t3 = l  ( i n f i n i t e  a ir )
Ct2=coth(Gmr2*h);
Ct3=l;
C tl= l;
% as th e  book says
Ze=(Gy2. *Ct3+Gy3. * C t2 ) . / (C t2 . *Ct3+Ctl. *Ct3. *Gy2. /G y l+ C tl . *Ct2. *Gy3. /Gyl+Gy3. /G y 2 ); 
Zh=(Gz2. *Ct2+Gz3. * C t3 );
Zh=Zh./ (G z l . *G z2 .*C tl. *Ct2+Gzl. *G z3 .*C tl. *Ct3+Gz2.*Gz3. *Ct2.*Ct3+Gz2."2);
%Greens fu n c t io n s
Z z z = -1 . /a 2 b 2 .* ( b e ta ." 2 .*Ze+alpha.~2.*Zh);
Zzx=-alpha. * b e ta . / a2b2. * (Ze-Zh);
Zxz=Zzx;
Z x x = - l . /a 2 b 2 .* (b e ta . ' ‘2.*Zh+alpha.''2.*Ze) ;
% now work out b a s i s  fu n c t io n s .
% b e s s e l j ( 0 , z )  i s  JO 
% r e serv e  space fo r  b a s i s  fu n c t io n s  
J z = o n e s (N ,I ) ;
Jx=ones(M ,I);
% convert to  n o ta t io n  from ITOH 
%w i s  s t r ip  width
%b i s  th e  o f f s e t  from middle to  centre  of s t r ip  
w=wg;
b=ws/2+wg/2;
% precompute b e s s e l  fu n c t io n s  
K=max(N,M);
% a l l  b e s s e l s  are of form w*alpha+/-n*pi  
7o precompute fo r  n=0 to  +-/K  
JOp=ones(K,I);
JOn=ones(K,I); 
fo r  n=l:K+l
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J O p ( n , : )= b e s s e l j ( 0 ,a b s ( w * a lp h a + ( n - l ) * p i ) /2 ) ;
J O n ( n , : ) = b e s s e l j ( 0 ,a b s ( w * a lp h a - ( n - l ) * p i ) /2 ) ;
JO p(n,: )= J 0 (a b s (w * a lp h a + (n - l )* p i ) /2 ) ;
JO n(n,: ) = J 0 (a b s ( w * a lp h a - ( n - l ) * p i ) /2 ) ;
end
fo r  n=l:N % Jz b a s is  fu n c t io n s  
i f  mod(n,2)
7o i f  n i s  odd
J z ( n , : )= -j* p i* w /2 * s in (a lp h a * b ) .* (J O p (n ,: )+ J O n (n ,: ) ) ;
e l s e
% i f  n i s  even
J z ( n , : )= -j* p i* w /2 * co s (a lp h a * b ) .* (J O p (n ,: ) -J O n (n , : ) ) ;
end
end
fo r  n=l:M % Jx b a s is  fu n c t io n s  
i f  mod(n,2)
% i f  n i s  odd
J x ( n , : )= p i* w /2 * co s (a lp h a * b ) .* (J O p (n + l ,: )+ JO n (n + l,: ) ) ;
e l s e
% i f  n i s  even
J x ( n , : )= -p i* w /2 * s in (a lp h a * b ) .* (J O p (n + l , : ) -J O n (n + l , : ) ) ;
end
end
P=ones(N,N)
Q=ones(N,M)
R=ones(M,N)
S=ones(M,M)
fo r  k=l:N
fo r  m=l:N
P(k,m) = (J z (k ,  :) .*Jz(ni, : ) )* Z z z ’ ;% Kllkm
end
fo r  ni=l:M
Q (k ,m )= (Jz (k ,: ) . *Jx(m ,: ) )*Zzx’ ;% K12km
end
end
fo r  k=l:M
fo r  m=l:N
R (k ,m )= (J x (k ,: ) .* J z (m ,: ) )* Z x z ’ ;% K211m
end
fo r  m=l:M
S(k,in) = (Jx(k , :) .*Jx(m, : ) )*Z xx’ ;% K221m
end
end
K=[P,Q;R,S]; % This i s  th e  matrix to  s o lv e  fo r  th e  determinant  
d=det(K );
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% d=real(d);
% t h i s  i s  th e  b i t  th a t  works out th e  a c tu a l  current d e n s ity .
% I t  on ly  makes sen se  i f  d=0 
i f  (bas)
% K i s  a square M+N matrix th er e  are M+N unknowns 
% K*c=0 where c i s  a column le n g th  M+N
% s o lv e  by s e t t i n g  c l = l .  This reduces order of matrix and can now so lv e  
% uniquely
G = -K (: , l ) ;  % s t r i p  o f f  f i r s t  column 
% H i s  th e  remainder of th e  m atrix without G 
H=K(:, 2 : (M+N));
K 2 = ( [ H , G ] ) ;
% now work out reduced row eche lon  form 
T =rref(K 2);
7o l a s t  column i s  th e  w e ig h ts ,  w ith  1 added fo r  th e  f i r s t  c o e f f  
W e ig h ts = [ l ,T ( : ,M+N)’] ;
% c le a r  o f f  l a s t  en try  ( i t ’ s zero)
Weights=Weights(l:M+N);
% The f i r s t  N are th e  Jz w eights  
% The second M are th e  Jx w eights
% compute b a s is  fu n c t io n s  in  space domain.
JZw=real(Weights(1 : N)) +imag(Weights(1 :N))
JXw=real(Weights(N+1:N+M)) +imag(Weights(N+1:N+M))
% d e f in e  t o t a l  width=2+(wg+ws)
L=2000;
fo r  n=l:N % Jz b a s is  fu n c t io n s  
i f  mod(n,2)
% i f  n i s  odd 
fo r  x=l:L;
xx=-(wg+ws) + ( x - 1 ) * (2*wg+2*ws) / (L -1);  
i f  (xx>(-wg-ws/2) && x x < (-w s /2 ) )  %left s t r ip
JZ(n,x) = -JZw(n)*cos( (n -1 )* p i* (x x + b ) /w ) / (sq r t  ( 1 - ( 2 * (xx+b)/w) "2)) ; 
e l s e i f  (xx>(ws/2) && xx<(wg+ws/2)) % r ig h t  s t r ip
JZ(n,x)=JZw (n)*cos( ( n -1 )* p i* (x x -b ) /w ) / (sq r t  ( 1 - ( 2 * (xx-b )/w ) "2) ) ;
e l s e
JZ(n,x)=0;
end
end
e l s e
% i f  n i s  even  
fo r  x=l:L;
xx=-(wg+ws) + ( x - 1 ) * (2*wg+2*ws) / (L -1); 
i f  (xx>(-wg-ws/2) && x x < (-w s /2 ) )  %left s t r ip
JZ(n, x )= -J Z w (n )* s in ( (n -1 )* p i* (x x + b ) /w ) / ( s q r t ( 1 - ( 2 * (xx+ b)/w )"2));  
e l s e i f  (xx>(ws/2) && xx<(wg+ws/2)) % r ig h t  s t r ip
JZ(n, x ) = -J Z w (n )* s in ( (n -1 )* p i* (x x -b ) /w ) / ( s q r t ( 1 - ( 2 * (xx-b )/w ) "2) ) ;
e l s e
JZ(n,x)=0;
end
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end
end
end
fo r  n=l:M % Jx b a s is  fu n c t io n s  
i f  mod(n,2)
% i f  n i s  odd 
fo r  x=l:L;
x x= -(w g + w s)+ (x - l)* (2 * w g + 2 * w s) /(L -l) ; 
i f  (xx>(-wg-ws/2) && x x < (-w s /2 ) )  %left s t r ip
JX (n , x) = -JXw(n) *cos (n*pi* (xx+b) /w) /  (sq r t  (1 - (2 *  (xx+b) /w) "2) ) ; 
e l s e i f  (xx>(ws/2) && xx<(wg+ws/2)) % r ig h t  s t r ip
JX (n , x) = - JXw(n) *cos (n*pi* (xx-b) /w) /  (sq r t  (1 -  (2* (xx-b) /w) "2) ) ;
e l s e
JX(n,x)=0;
end
end
e l s e
% i f  n i s  even 
fo r  x=l:L;
xx= -(w g + w s)+ (x - l)* (2*wg+2*ws)/ (L -1 ) ; 
i f  (xx>(-wg-ws/2) && x x < (-w s /2 ) )  %left s t r i p
JX(n,x) = JXw(n) * s in (n * p i*  (xx+b) /w) /  ( sq r t  (1 -  (2* (xx+b)/w) ~2) ) ; 
e l s e i f  (xx>(ws/2) && xx<(wg+ws/2)) % r ig h t  s t r ip
JX(n, x) = - JXw(n) *s in (n * p i*  (xx-b) /w) /  (sq r t  (1 -  (2* (xx-b) /w) "2) ) ;
e l s e
JX(n,x)=0;
end
end
end
end
JZT=(JZ’* o n e s (N ,D )  ’ ;
JXT=(JX’*ones(M ,D ) ’ ; 
x=l:L;
x x = -(w g + w s)+ (x - l)* (2*wg+2+ws)/ (L -1 ) ;
su b p lo t ( 2 ,1 ,1 )  
p lo t (x x * le 3 ,J Z T ,’k ’ ) 
hold  on
x l a b e K ’x , mm’ ) 
y l a b e l ( ’J_z ’ )
s u b p lo t ( 2 ,1 ,2 )  
p lo t (x x * le 3 ,J X T ,’k ’ ) 
hold on
x l a b e K ’x , mm’ ) 
y l a b e l ( ’J_x’ )
end
end
